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Summary 
Metals are discharged into the environment from industrial operations such as smelting, 
mining, metal forging, manufacturing of alkaline storage batteries, and combustion of fossil 
fuel and sewage sludge. After discharge from these sources, metals accumulate in soil and, 
at higher concentrations, adversely affect the soil microbial activity and soil fertility. 
Moreover, the elevated concentrations of metals in soil, when taken up by plants also causes 
the disintegration of cell organelles and disruption of membrane, acts as a genotoxic 
substance and adversely affect the physiological processes, such as photosynthesis, protein 
synthesis, respiration and carbohydrate metabolism, and concomitantly results in losses in 
the yields of various crops including legumes. However, agronomically important 
rhizospheric microorganisms capable of alleviating the toxicity of metals and can promote 
the growth and yields of plants even in the metal contaminated soils. Among these microbes, 
the plant growth promoting rhizobacteria (PGPR) including phosphate solubilizing bacteria 
(PSB) and symbiotic nitrogen fixing organisms can provide protection to the plants against 
the toxic effects of metals through adsorption/desorption mechanisms, besides providing the 
essential nutrients (P by PSB and N by N2-fixers) and plant growth promoting substances 
(phytohormones) including siderophores to the plants. With these consideration and lack of 
sufficient data on growth promoting potentials of plant growth promoting rhizobacteria, 
toxicity of metals to both plant growth promoting rhizobacteria and their metabolic activities 
and on the over all performance of legumes, cultivated in conventional and derelict soils, the 
present study was, therefore, deigned with the following specific aims and objectives-
• quantitative assay of heavy metals and soil microflora in the metal polluted and non-
polluted soils of Aligarh and adjoining industrial area 
<• isolation of nitrogen fixing bacteria from the nodules of legumes grown in metal 
contaminated/conventional Indian soils and phosphate solubilizing bacteria from the 
rhizospheric soils of mustard and tomato 
<• assessment of the tolerance level of plant growth promoting rhizobacteria to 
cadmium, chromium, nickel, lead, zinc and copper 
<• to investigate the antibiotic resistant profile of heavy metal tolerant strains of plant 
growth promoting rhizobacteria including N2 fixers 
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• to assess the plant growth promoting potentials of plant growth promoting 
rhizobacteria, both in the absence and presence of metal ions 
• to assess the chromium (VI) reducing and lead and zinc solubilizing activity of 
selected bacterial strains under in vitro conditions 
• to evaluate the performance of inoculated chickpea, greengram, lentil and pea, when 
grown in metal treated sandy clay loam soils. Also, to assess the antioxidant enzyme 
activity and uptake of metals and nitrogen by plant organs and 
• to assess the bioremediation potentials of metal tolerant strains of nitrogen fixers and 
phosphate solubilizing bacteria, using chickpea, greengram, lentil and pea, as test 
legumes in pot house conditions. Quantitative assay of antioxidant enzyme activity, 
uptake of nitrogen and heavy metals by legumes grown both in conventional and 
metal stressed soils was also studied. 
In this study, the concentration of heavy metals in polluted and non-polluted soils 
was determined by flame atomic absorption spectrophotometery. The heavy metal 
concentration in polluted soils of Mathura Road (SI) was (mg/kg soil): 11.5 (Cd); 67.5 (Cr); 
290.1 (Ni); 4890 (Zn); 669.1 (Cu) and 195 (Pb) while in polluted soils of Exhibition ground 
(S2), were 9.8 (Cd); 64.2 (Cr); 334 (Ni); 3550 (Zn); 535 (Cu) and 191 (Pb). In comparison, 
the heavy metal concentration of the conventional agricultural soils of Faculty of 
Agricultural Sciences, Aligarh Muslim University, Aligarh (S3) were 10.8 mg Ni/kg, 8.1 mg 
Pb/kg, 19.2 mg Zn/kg, 6.3 mg Cr/kg, 12.2 mg Cu/kg and 0.2 mg Cd/kg. The rhizospheric 
soils of chickpea, greengram and brinjal (SI); chickpea, greengram, lentil and pea (S2) and 
mustard and tomato (S3) were subjected further for microbiological analysis. The viable 
counts of bacteria, fungi and phosphate solubilizing microorganisms (PSM) differed among 
rhizospheric soils. Generally, the microbial populations were less in polluted soils (SI and 
S2) compared to conventional soils (S3). Phosphate solubilizing bacteria were recorded 
more than the phosphate solubilizing fungi in both polluted and conventional soils of 
Aligarh. Among all the rhizosphere soils, the population of both phosphate solubilizing 
bacteria and fungi was greater in the rhizosphere of mustard. Based on the morphological 
and biochemical characteristics, the phosphate solubilizing bacteria were presumptively 
identified as Pseudomonas sp. (PSB5) while others were identified as Bacillus spp.. 
Similarly, 50 rhizobial species were isolated from nodules produced on the root systems of 
each of chickpea {Mesorhizobium spp.), greengram {Bradyrhizobium spp.), lentil 
{Rhizobium spp.) and pea {Rhizobium spp.), grown at the metal contaminated/non 
contaminated Indian soils and were characterized on the basis of physiological, 
morphological and biochemical properties. Due to lack of facilities for molecular 
characterization, the isolated cultures were not characterized at genetic level. 
The nitrogen fixers and phosphate solubilizers were further screened for their 
multiple plant growth promoting (PGP) activities under in vitro conditions. The 
mesorhizobial strains were grouped into four PGP groups where group I included 30% of 
strains which showed four PGP traits, followed by PGP group II that included 40% of 
strains. Of the total 10 bacterial strains in PGP group III, 20% of the strains showed a 
positive reaction to ammonia and lAA, while PGP group IV contained only one strain 
{Mesorhizobium RCIO) which possessed the property of synthesizing indole acetic acid. In a 
similar manner, the Rhizobium strains isolated from pea nodules were categorized into four 
PGP groups where PGP group I included two isolates {Rhizobium RP5 and RP7) and 
displayed four PGP traits (i.e. synthesis of ammonia, HCN, siderophore and lAA). This was 
followed by group II, which had only one strain (RP3) and was positive for ammonia, 
siderophore and indole acetic acid; group III contained 22% of the strains which were found 
to be positive for ammonia, hydrogen cyanide and indole acetic acid while group IV 
contained 56% of the strains and were found to be positive for ammonia and indole acetic 
acid. Rhizobium strains isolated from lentil nodules were grouped into four PGP groups. The 
PGP group I contained four (26.7%) isolates and showed four PGP traits (ammonia, HCN, 
siderophore and lAA); group II included only one strain {Rhizobium RL3) and was positive 
for ammonia, siderophore and indole acetic acid; group III contained 6.7% of the strains and 
was positive for ammonia, hydrogen cyanide and indole acetic acid while group IV 
contained 60% of the strains which were positive for ammonia and indole acetic acid only. 
Similarly, Bradyrhizobium strains isolated from greengram nodules were categorized into 
two PGP groups: the PGP group I contained 21% of isolates and showed four PGP traits 
(ammonia, HCN, siderophore and lAA). This was followed by group II which included 79% 
of strains and were positive for ammonia and indole acetic acid. Likewise, bacterial strains 
possessing phosphate solubilizing activity were grouped into four PGP groups where group I 
contained three (30%) isolates and showed five PGP traits (ammonia, HCN, siderophore. 
lAA and phosphate solubihzation) which was followed by group II (having only five strains) 
which was positive for ammonia, siderophore, indole acetic acid and phosphate 
solubilization; group III had 10% of the strains and were found to be positive for ammonia, 
hydrogen cyanide, lAA and phosphate solubilization while group IV included only one 
strain {Bacillus PSB9) and was positive for ammonia, lAA and phosphate solubilization. 
The selected phosphate solubilizing and rhizobial strains were tested further for their 
ability to tolerate various concentrations of heavy metals, like, cadmium, chromium, nickel, 
lead, zinc and copper using agar plate dilution method. The phosphate solubilizers {Bacillus 
and Pseudomonas) and rhizobial strains differed considerably in terms of their ability to 
tolerate metals and were influenced by the type and concentration of metals. Among the 
phosphate solubilizers, Bacillus PSBl, PSB7 and FSB 10 tolerated multiple metals. Among 
Bacillus species strain PSBl showed a higher tolerance to cadmium, nickel and copper (400 
|ag/ml for each metal), chromium (500 fig/ml) and 1400 |Jg/ml each to lead and zinc, while 
strain PSB7 showed a higher tolerance to cadmium and nickel (300 |ig/ml for each metal), 
chromium and copper (400 i^g/ml for each metal) and 1600 |ug/ml to lead and 1400 fxg/ml to 
zinc. Bacillus sp. PSBIO displayed a higher level of tolerance to cadmium and copper (300 
|ig/ml), 550 \iglm\ to chromium, 400 |ig/ml to nickel, 1600 |ag/ml to lead and 1400 |ig/ml to 
zinc. The order of tolerance of phosphate solubilizers to metals decreased in the following 
order- Zn < Pb < Cr < Ni < Cu < Cd. Similarly, the rhizobial strains were tolerant to one or 
more metal ions. Among these strains, Mesorhizobium sp. RC3 showed tolerance to multiple 
metals and tolerated a concentration of 400, 500, 500, 1500, 1500 and 400 ^g/ml of 
cadmium, chromium, nickel, lead, zinc and copper, respectively, amended in agar plates. In 
contrast, the lentil and greengram rhizobia were highly resistant to zinc, followed by lead 
while pea rhizobial strains in general, were most resistant to lead, which was followed by 
zinc. Among the pea, lentil and greengram rhizobia, Rhizobium strain RP5, Rhizobium RL9 
and Bradyrhizobium sp. RMS exhibited highest tolerance to most of the metals. Among 
these, strain RP5 showed a higher tolerance to cadmium (250 |ig/ml) , chromium (350 
|ag/ml), nickel (350 |ag/ml), lead (1200 jig/ml), zinc (1500 ng/ml) and copper (200 ng/ml). 
Of the 15 strains of Rhizobium isolated from lentil nodules, strain RL9 tolerated cadmium, 
chromium, nickel, lead, zinc and copper to a level of 300, 400, 500, 1400, 1000 and 300 
l^g/ml, respectively , while strain Bradyrhizobium RMS showed a higher tolerance of 75 
^g/ml to cadmium, 200 |ag/ml to chromium, 300 \ig/m\ to nickel, 1300 ng/ml to lead, 1500 
|ag/ml to zinc and 100 \xg/m\ to copper. These bacterial isolates further varied considerably 
in their response to the sensitivity/resistance towards different antibacterial drugs 
(antibiotics). Among Mesorhizohium spp., 33% strains were resistant to both nitrofurantoin 
and methicillin while 33% Rhizobium spp. isolated from lentil nodules were resistant to 
nalidixic acid and ampicillin. Among the bradyrhizobial isolates, only one isolate (RMS) 
was resistant to ampicillin. In comparison, none of the strains of Rhizobium, isolated from 
pea nodules were resistant to any antibiotics tested. Generally, the growth of the bacterial 
isolates declined progressively with increasing concentrations of the metals under in vitro 
experiments. 
The plant growth promoting rhizobacteria exhibited a substantial production of lAA 
after 24 h of incubation and showed concentration dependent increase in lAA. Among the 
phosphate solubilizing bacteria, Bacillus strains PSBl, PSB7 and PSBIO produced 
maximum amounts of lAA (19.3, 17.7 and 17.4 |ig /ml, respectively) in Luria Bertani 
(LB) broth supplemented with 100 ^g /ml tryptophan, which decreased consistently with 
increase in the concentration of the tested metals. Similarly, among greengram rhizobia, 
Bradyrhizobium strain RMS produced 13.3 ^g /ml of lAA in LB broth at 100 \ig /ml 
tryptophan, which increased to 13.6 ^g/ ml with 50 |ag Ni /ml, 13.5 |ag /ml with 300 i^ g 
/Zn ml, 13.9^g /ml with 50 ^g/ ml Cr and 13.5 ^g/ ml with 300 \x.gl Pb ml. Similarly, 
other rhizobial strains produced a maximum amount of lAA in LB broth supplemented 
with 100 ^g/ml tryptophan, both in the absence and presence of heavy metals. 
Interestingly, the production of phytohormones did not differ significantly among metal 
amended or metal free medium. Furthermore, production of siderophores by the PGPR 
strains was also determined on CAS agar plates supplemented with or without hexavalent 
chromium, nickel, lead and zinc. The selected PGPR strains including nitrogen fixing 
organisms showed siderophore activity as indicated by the development of orange 
coloured zone on CAS agar plates amended with or without metal ions. A maximum 
reduction in zone size with increase in metal concentration varied between 8 (by 
Rhizobium sp. RP3 at 150 \i%/m\ of Cr and Ni and 300 ^g/ml of Pb and Zn) to 13% (by 
Rhizobium sp. RP7 at 150 i^ g/ml of Cr and Ni) after four days of incubation, in 
comparison to control. The reduction in zone size by bradyrhizobial strains on CAS agar 
plates varied between 11% (by Bradyrhizobium RMS at 150 ng/ml of Cr, 100 and 150 
\iglm\ of Ni, 900 ^g/ml of Pb and 600 and 900 ^g/ml of Zn) to 25% (by Bradyrhizobium 
spp. RMl at 150 ^g/ml of Cr and Ni) after four days of incubation. Similarly, a maximum 
reduction in siderophore zone on metal amended CAS agar plates for Bacillus strains 
varied between 7 (by PSBIO at 600 and 900 |ag/ml of Zn) to 9% (by PSB7 at 150 ^g 
Cr/ml, 100 and 150 i^ g Ni/ml and 600 and 900 i^ g/ml of Pb and Zn, respectively). Further, 
the ethyl acetate extraction from culture supernatant of Mesorhizobium strains yielded a 
maximum amount of 17 and 24.5 mg/1 of salicylic acid (SA) and dihydroxy benzoic acid 
(DHBA) by RC3, grown in the Modi medium. When, 50 |ig/ml of chromium (VI) and 
nickel and 300 i^ g/ml of lead and zinc were also added to medium, the Mesorhizobium 
strain RC3 slightly increased the SA and DHBA compared to control. The amount of SA 
and DHBA in the supernatant of mesorhizobial strains decreased consistently with 
increase in each metal concentration. The ethyl acetate extraction from culture supernatant 
of strains grown in absence of each metal, yielded 24.2 and 20 mg/1 of SA and DHBA by 
Rhizobium strain RP3, 24.2 and 21.2 mg/1 of SA and DHBA by strain RP5 and 14.2 and 
15.2 mg/1 of SA and DHBA by strain RP7, respectively. Chromium and nickel at 50 |xg/ml 
and lead £ind zinc at 300 |ig/ml slightly increased the SA and DHBA, in comparison to 
control. Moreover, Cr and Ni at 150 |J.g/ml and Pb and Zn at 900 |J.g/ml did not affect the 
siderophore activity adversely. The Rhizobium (lentil) RL9 yielded a maximum amount of 
15 and 18.3 mg/1 of SA and DHBA, grown in the Modi medium devoid of each metal. 
Chromium (VI), Ni, Pb and Zn at 50 i^ g/ml however, marginally increased the SA and 
DHBA by RL9 compared to control. The amount of SA and DHBA in the supernatant of 
rhizobial strains specific to lentil decreased consistently with increase in each metal 
concentration. Bradyrhizobium strain RMS yielded 17.4 and 16.3 mg/1 of SA and DHBA, 
respectively. Chromium and Ni at 50 and Zn and Pb at 300 ng/ml either did not affect or 
slightly increased SA and DHBA. The ethyl acetate extraction from culture supernatant of 
phosphate solubilizing strains yielded 13 and 16.5 mg/1 of SA and DHBA by Bacillus PSB 
1, 12.6 and 10 mg/1 of SA and DHBA by Bacillus PSB 7 and 13.5 and 14.5 mg/1 of SA 
and DHBA by Bacillus PSB 10, respectively. In contrast, Cr and Ni at 50 and Pb and Zn at 
300 |ag/ml (except Zn at 300 )ag/ml in case of PSB7) marginally increased the SA and 
DHBA by Bacillus PSB 1, PSB 7 and PSB 10 compared to control. Further, strains were 
also found positive for HCN and ammonia, both in the presence and absence of metals. 
A total of 20% of the phosphate solubilizing strains showed the phosphate 
solubilizing activity on Pikovskaya medium. Of these, P solubilizing stains. Bacillus PSBl, 
PSB7 and PSB 10 showed largest zone of P solubilization on solid Pikovskaya medium 
amended with or without heavy metals. Further, the phosphate solubilizers and selected 
group of nitrogen fixers were tested for their ability to reduce chromium using nutrient broth 
(for PSB) and YEM broth (for rhizobia). The chromium reduction by two groups of 
organisms was affected by concentration of metals, pH and incubation periods. For example, 
Bacillus sp. PSB 10 reduced Cr (VI) by 87% which was followed by PSB 1 (83%) and 
PSB7 (74%) at pH 7 in nutrient broth after 120 h of incubation. A concentration of 50 |ig 
ml"' of Cr (VI) was completely reduced by Bacillus sp. PSB 1 (after 100 h), PSB 10 (after 
100 h) and PSB7 (after 120 h). Among the Mesorhizobium strains, strain RC3 reduced Cr 
(VI) by 90% which was followed by RCl (84%) and RC4 (83%) at pH 7 in nutrient broth 
after 120 h of incubation. Strains RCl, RC3 and RC4 completely reduced 50 |ig/ml of Cr 
(VI) at 120 h of incubation. Generally, the maximum reduction of Cr occurred at pH 7 by 
the test isolates that progressively increased with increase in incubation. Furthermore, 
Bacillus PSBl, PSB7 and PSB 10 also solubilized lead and zinc under in vitro conditions. 
The higher concentrations of the metals in general, reduced considerably the P solubilization 
and lead and zinc solubilization activity. 
Soils contaminated with heavy metals present a major concern for sustainable 
agriculture. In addition, legumes are used as a rich source of protein in Indian dietary 
systems, and hence, understanding the effects of these metals on the legume productivity 
will be useful. Therefore, the phytotoxic effects of three concentrations of cadmium, 
chromium, copper, nickel, zinc and lead (for chickpea) and cadmium, chromium and copper 
used either separately or as mixtures (for greengram, lentil and pea) on the biological and 
chemical characteristics of these legumes, in pot trials was studied. Also, the metal uptake 
by the legume organs (roots, shoots and grains) was determined at different stages of plant 
growth. Generally, cadmium, when used alone or in combination with other metals was 
found to be the most toxic metal for chickpea, greengram and lentil while copper had the 
most toxic effect on pea plants and substantially decreased the biological and chemical 
properties. Chromium and lead (for chickpea), chromium (for greengram and lentil) and 
cadmium and chromium (for pea) enhanced the measured biological and chemical 
parameters, compared to control. 
A maximum reduction of 43, 14 and 36% in total dry matter production of chickpea 
at 60, 90 and 135 DAS, respectively was observed with cadmium at 24 mg/kg soil, which 
was followed by the application of zinc (9780 mg/kg soil) to soils that substantially reduced 
the measured parameters. Chromium at 68 mg/kg increased the biomass by 48% (90 DAS) 
and at 136 mg/kg increased the total dry weight of chickpea by 22% (at 135 DAS), 
compared to control. In comparison, lead at 97.5 mg/kg increased the dry matter 
accumulation by 42 (90 DAS) and 23% (135 DAS) while 2445 mg/kg of zinc and 669 
mg/kg of copper added to soil, increased the dry biomass by 23% at 90 DAS, compared to 
control. Among the dual metal combinations, chromium with nickel (34+145 mg/kg soil) 
had the largest stimulatory effect on chickpea plants which increased the total dry matter 
accumulation by 27% at 90 DAS, compared to control. Combination treatment of cadmium 
with nickel (24 mg Cd and 580 mg Ni/kg) decreased the total dry biomass production 
significantly (P < 0.05) by 54% at 60 DAS. 11% at 90 DAS and 43% at 135 DAS, 
respectively, compared with the control plant. When cadmium (24 mg/kg) was applied along 
with Cr (136 mg/kg) and Ni (580 mg/kg), declined the dry matter by 58, 53 and 59% at 60, 
90 and 135 DAS, over control. The multiple metal application of Pb + Zn + Zn (390 + 9780 
+ 1338 mg/kg soil), showed an increase of 5 and 2% at 60 DAS and 10% each at 135 DAS, 
respectively, in dry matter production over combination of Cd + Cr (24 + 136 mg/kg soil) 
and Cd + Ni (24 + 580 mg/kg), respectively. 
Comparison between the metal free control and each metal treatment, revealed an 
increase of 23 (at 34 mg Cr/kg and 136 mg Cr /kg) to 54% (at 68 mg Cr/kg) in the number 
of nodules per plant at 60 DAS and 22 (34 mg Cr/kg) to 44% (at 136 mg Cr/kg) at 90 DAS, 
compared to control. Similarly, lead at 97.5 mg/kg soil, significantly increased the number 
of nodules per plant at 90 DAS by 18 and 70% over chromium (136 mg/kg) and control (27 
nodules/plant), respectively. Among the single metal treatments, cadmium showed a 
profound toxic effect on symbiosis and reduced the number of nodules per plant by 69% (at 
24 mg/kg) at 60 DAS, while at 90 DAS, it reduced the number of nodules per plant by 22% 
at the same rate of application. Similarly, the dual metal treatments, cadmium with 
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chromium (at 24 + 136 mg/kg soil) and cadmium with nickel (136 + 580 mg/kg soil), 
resulted in the largest adverse effect as did the mixtures of Cd + Cr + Ni (24 + 136 + 580 
mg/kg soil) and reduced the number of nodules by 77% at 60 DAS and by 52%, at 90 DAS, 
respectively, compared to 13 and 27 nodules/plant observed at 60 and 90 DAS in control 
treatment. In contrast, chromium with lead (at 34 + 97.5 mg/kg) enhanced the number of 
nodules by 19% at 90 DAS while 136 and 390 mg/kg of Cr and Pb respectively, increased 
the number of nodules per plant by 7% only at 90 DAS, compared to control. In comparison, 
the triple metal treatment showed greatest adverse effect on nodulation compared with either 
the control plants or dual metal treatments. The reduction in nodulation was accompanied by 
a significant decrease in dry mass of nodules. 
Cadmium at 24 mg/kg reduced the root N content in chickpea by 33, 22 and 29%, at 
60, 90 and 135 DAS, respectively, compared with the control. Generally, the maximum 
reduction in N content was observed with dual or multiple metal application treatments 
relative to the control. For instance, cadmium with nickel (at 24 + 580 mg/kg soil) decreased 
the root N content by 39% at 60 DAS while cadmium with lead (at 24 + 390 mg/kg soil) 
decreased the root N content by 43%) and 40% at 90 and 135 DAS, respectively, compared 
to control. In comparison, the triple metal combination of cadmium, chromium and nickel 
(at 24 + 136 + 580 mg/kg soil) reduced the root N content by 41, 58 and 46% at 60, 90 and 
135 DAS, respectively, relative to the control plants. In general, maximum reduction in N 
content in shoots occurred at double the normal concentration of all metal treatments. The 
toxicity of the metals on shoot N content increased with increasing rates of all metals, except 
lead and the mixtures of chromium + lead, which consistently increased the N contents at 
60, 90 and 135 DAS, compared to control. The N content of roots was more severely 
affected than the N content of shoots, at all the concentrations of the metals used. In 
comparison, lead at 390 mg/kg soil significantly increased the root N content by 10% at 60 
DAS and chromium at 136 mg/kg soil increased the root N content by 9% at 90 DAS. The N 
content in roots increased consistently with increasing rates of combination of Cr + Pb, Cr + 
Zn and Ni + Pb at 60 DAS only, compared to those observed for control plants (28.7 mg/g at 
60 DAS). A maximum increase of 10% in N content at 60 DAS was observed with 136 mg 
Cr/kg and 16 and 12% at 90 and 135 DAS, respectively, for 195 mg Pb/kg, respectively. 
compared with control. 
Seed yield in chickpea decreased consistently for each metals, used either singly or 
in combination but was only significantly (P < 0.05) reduced at double the normal 
concentration of all metals (except chromium and lead) and half (0.5 x) and normal (1 x) 
concentration of cadmium, zinc and copper. Among the dual metal treatments, cadmium 
with nickel had the highest adverse effect on grain yield and decreased it significantly by 
28% at 24 + 580 mg/kg. The reduction in grain yield following multiple metals ranged 
between 19 (6 + 34 + 145 mg/kg of cadmium with chromium and nickel) to 33% (24 + 136+ 
580 of cadmium with chromium and nickel) and 11 (97.5 + 2445 + 334.5 mg/kg of lead, 
zinc and copper) to 26% (390 + 9780 + 1338 mg/kg of lead, zinc and copper), compared to 
control. The order of toxicity on seed mass increased in the following order: lead > 
chromium > nickel > copper > zinc > cadmium. In contrast, chromium and lead consistently 
and significantly increased the grain yield, relative to the control plants. The average 
maximum increase of 12.9% and 11% was observed with lead at 97.5 and chromium at 34 
mg/kg respectively, compared with those obtained for metal free but inoculated control (5.4 
g/plant). In chickpea plants, double the normal concentration of all metal treatments 
significantly decreased the grain protein. Among the double metal treatments, the mixture of 
cadmium + nickel declined the grain protein by 10% at 6 + 145 mg/kg Cd + Ni and 14% at 
12 + 290 mg/kg of cadmium + nickel, respectively, relative to the control. Among all metal 
treatments, the mixtures of Cd + Cr + Ni and Pb + Zn + Cu resulted in the highest decrease 
in grain protein at double the normal concentrations, compared with the control. In 
comparison, the average maximum protein (256 mg/g) in chickpea grain was obtained at 
390 mg/kg Pb and was significantly (P < 0.05) greater than those obtained for inoculated but 
metal free control (242 mg/g). 
The most phytotoxic metal for greengram plants was cadmium that reduced the total 
dry matter accumulation significantly (P < 0.05) by 27 % (at 50 DAS) and 21% (at 80 DAS) 
at 24 mg/kg soil, compared to control (273 and 290 mg/plant at 50 and 80 DAS). This was 
followed by copper which decreased the total dry matter by 18% at 50 DAS and 20% at 80 
DAS at 1338 mg/kg soil, compared to control. In contrast, chromium at 136 mg/kg soil 
increased the total dry matter production 1.3 fold (at 50 DAS) and 1.4 times (at 80 DAS), 
relative to the control. The reduction in dry biomass of greengram plants following mixtures 
of metals ranged between 24 (Cd with Cr at 6 and 34 mg/kg soil) to 41% (Cd with Cu at 24 
10 
and 1338 mg/kg), above the control at 50 and 80 DAS, respectively. In contrast, the 
combination of chromium and copper increased the dry matter by 31 and 26% at 136 and 
1338 mg/kg soil, at 50 and 80 DAS respectively, relative to the control. Cadmium and 
copper at 24 and 1338 mg kg"' soil declined the number of nodules per plant by 38 and 23% 
at pod fill stage and 36 and 27 % at harvest, respectively, compared to control. In contrast, 
chromium at 136 mg Cr/kg soil significantly (P < 0.05) increased the number of nodules by 
100%, each at pod fill and at harvest stage, in comparison to control. Similarly, the mixture 
of metals at all concentrations except chromium applied with Cu (at 34 and 334.5 mg/kg 
soil) decreased the number of nodules per plant at pod fill stage, compared to control. 
Among the metal combinations, when Cd was used with Cu at 24 and 1338 mg/kg soil 
showed a largest adverse effect and significantly (P < 0.05) reduced the number of nodules 
per plant at pod fill stage and at harvest by 62 and 64%), respectively, above control. The 
reduction in nodulation was accompanied by significant decrease in dry matter accumulation 
in nodules as well. 
The average maximum decline in root N in greengram occurred at 50 (35 mg) and 80 
DAS (30 mg) following 24 mg Cd/kg and decreased significantly (P < 0.05) by 22 and 25% 
respectively, above the control. Cadmium with copper (at 24 and 1338 mg/kg soil) 
profoundly reduced the N content by 29 and 30%) at 50 and 80 DAS, respectively, compared 
to the control. A trend similar to root N was observed for shoot N with three metals and their 
combinations. The N content of the roots was more severely affected than the shoot N at all 
the concentrations of tested metals, but the N concentration in roots and shoots in general, 
were less at 80 DAS compared to 50 DAS. In comparison, chromium progressively 
enhanced the root N by 29, 33 and 42 % (at 50 DAS) and 33, 38 and 48%) (at 80 DAS) at 34, 
68 and 136 mg/kg soil, compared to control. The average maximum increase in shoot N with 
chromium occurred at 136 mg Cr/kg soil (31%) at 50 DAS and at 136 mg Cr/kg soil (18%) 
at 80 DAS, compared to control. Seed yield in greengram declined progressively for each 
metal with increasing concentration, used either separately (except the three concentrations 
of Cr) or in combination. Cadmium at 24 mg/kg soil significantly (P < 0.05) decreased the 
seed yield by 40%, compared to control, which was followed by a significant decrease of 
26% when 1338 mg Cu/kg soil was applied to soils, compared to control. The average 
reduction in seed yield among combination treatments ranged between 17 (at 34 and 334 
11 
mg/kg Cr and Cu) to 60 % (at 24 and 1338 mgkg Cd and Cu), relative to the control. While 
comparing the sum of mean values of each metal treatment, the order of toxicity on seed 
mass decreased in the following order: Cd < Cu < Cr. The average maximum increase of 62 
and 74% in seed yield of greengram was observed with 136 mg Cr/kg soil, in comparison to 
34 mg Cr/kg soil and control. Cadmium at 24 and copper at 1338 mg/kg soil, decreased the 
grain protein of greengram plants by 8 and 6%, respectively, compared to control. Among 
the dual metal combination treatments, cadmium with copper declined the grain protein by 
10% (at 24 and 1338 mg/kg of cadmium and copper respectively), relative to the control. 
Generally, the combination of metals showed greatest toxic effect on grain protein compared 
to single metal treatments. In contrast, chromium in general, consistently increased the grain 
protein with increasing concentrations; the average maximum increase in grain protein being 
283 mg/g observed with 136 mg Cr/kg which was greater by 11 % than observed for control. 
The total dry matter production by lentil plants increased with plant age but 
decreased substantially with increasing rates of each single or combined metal treatment. 
Cadmium at 24 mg/kg soil displayed the highest phytotoxic effect and reduced the dry 
biomass of plants by 12% at 120 DAS, relative to the metal free control. Chromium or 
copper when applied with cadmium also had a toxic effect on the dry mass production of 
lentil plants. A maximum decrease of 16% in dry matter was observed for 24 and 1338 
mg/kg of Cd-Cu at 120 DAS, which was followed by the combination of Cd-Cr (24 and 136 
mg/kg soil) that reduced the total biomass by 13%, compared to control. Generally the three 
concentrations of each metal (except 34 mg/kg of Cr) used either alone or as mixture 
decreased the number of nodules per plant, compared to untreated control. Cadmium at 24 
mg /kg soil decreased the number of nodules by 46 (at 90 DAS) and 60% (at 120 DAS), 
respectively, compared to control. In contrast, the number of nodules produced on the root 
system of lentil plants increased significantly (P < 0.05) by 12% at 90 DAS with 34 mg 
Cr/kg. Similarly, mixtures of metals at all levels decreased the number of nodules per plant 
compared to control plants. For example, Cd (24 mg/kg) with Cu (1338 mg/kg) showed the 
largest adverse effect and significantly (P < 0.05) reduced the number of nodules per plant 
by 62 and 70%, at 90 and 120 DAS respectively, above the control. The reduction in 
nodulation was also accompanied by significant decrease in dry mass of nodules. 
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The average maximum decline in root N in lentil occurred at 24 mg Cd/kg that 
reduced the root N by 6% (at 90 DAS) and 8% (at 120 DAS), compared to control. Among 
the dual metal treatments, Cd (24 mg/kg soil) when applied with copper (1338 mg/kg soil) 
reduced the N content by 11 and 14% at 90 and 120 DAS, respectively, compared to the 
control. The dual combinations of cadmium (24 mg kg'' soil) and Cu (1338 mg/kg soil) 
reduced the shoot N by 11 and 6% at 90 and 120 DAS, respectively, compared to the 
control. Though, chromium enhanced the root N marginally at 90 and 120 DAS at 34 mg/kg 
soil, but decreased consistently with increase in concentration of metals and plant age. Seed 
yield in lentil decreased progressively with increase in concentrations of metals. Cadmium at 
24 mg/kg and Cd (24 mg/kg) and Cu (1338 mg/kg) decreased the seed yield by 17 and 29%, 
respectively, compared to control plants (100 mg/plant). In contrast, chromium at 34 mg/kg 
had the greatest stimulatory effect and increased the seed yield by 4% compared to control. 
Cadmium at 24 mg/kg and chromium with copper at 24 and 1338 mg/kg decreased the grain 
protein by 5% and 9%, respectively control (240 mg/g). The effect of three concentrations of 
cadmium, chromium and copper on dry matter accumulation in whole pea plants was 
variable. Among the single metal treatments, copper at 1338 mg/kg soil was the most toxic 
and reduced the total dry matter significantly (P < 0.05) by 18% (at 90 DAS) and 17% (at 
120 DAS) respectively, compared to control. In contrast, the three concentrations of Cd and 
Cr increased the dry matter, above the control, the maximum being 60 and 40%) at 90 DAS 
and 59 and 36%) at 120 DAS at 12 mg Cd/kg and 68 mg Cr/kg soil, respectively, compared 
to control. The dry matter accumulation was reduced even further when copper was used in 
combination with Cd and Cr. The reduction in dry biomass of pea following mixtures of 
metals ranged between 6 and 7 (Cr with Cu at 34 and 334.5 mg/kg soil) to 16 and 18% (Cr 
with Cu at 136 and 1338 mg/kg), at 90 and 120 DAS, respectively, above the control. In 
contrast, the mixture of Cd (24 mg/kg soil) and Cr (136 mg/kg soil) increased the dry matter 
by 25 and \3% at 90 and 120 DAS, respectively, relative to the control. Copper at 1338 
mg/kg soil decreased the number of nodules by 16% (at 90 DAS) and 22 % (at 120 DAS) 
respectively, compared to control. Interestingly, the number of nodules increased 
significantly (P < 0.05) by 53% (at 90 DAS) and 72% (at 120 DAS) with 24 mg Cd/kg, 
compared to control and by 31% (at 90 DAS) and 50% (at 120 DAS) with 136 mg Cr/kg 
soil respectively, compared to control. Among the metal combinations, Cd (24 mg/kg) with 
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Cu (1338 mg/kg) showed largest adverse effect and significantly reduced the number of 
nodules by 33 and 30% at 90 and 120 DAS respectively, above the control. 
The average maximum decline in root N in pea plants occurred at 1338 mg Cu/kg 
that significantly reduced the root N by 20% (at 90 DAS) and 17% (at 120 DAS), in 
comparison to control. Among the dual metal treatments, cadmium (24 mg/kg soil) when 
used with copper (1338 mg/kg soil) reduced the root N content by 26 and 20%) after 90 and 
120 DAS, respectively, compared to the control. Generally, the accumulation of N was more 
in roots at 90 DAS which progressively decreased with increase in plant age for all the 
treatments; the maximum being 16 (Cd alone at 6 mg/kg soil) to 13%) (Cd-Cu at 6 and 334.5 
mg/kg soil) at 120 DAS compared to those observed for 90 DAS. A trend similar to root N 
was observed for shoot N with three metals and their combinations. Cadmium (24 mg/kg 
soil) when used with copper (1338 mg/kg soil) reduced the shoot N content by 13 and 21% 
at 90 and 120 DAS, respectively, compared to the control. Like other legumes, the N content 
of pea shoots also decreased with plant age and suffered severe metal toxicity. In 
comparison, Cd at 12 mg/kg soil enhanced the root N by 14 % (at 90 DAS) and 17% (at 120 
DAS) respectively, compared to control. A trend similar to root N was observed for shoot N 
and the average maximum increase in shoot N content at 12 mg Cd/ kg was 28% (at 90 
DAS) and 29% (at 120 DAS), respectively, compared to control. Seed yield in pea plants 
also decreased progressively with increasing concentration of copper added to soil either 
separately or as mixture. Copper at 1338 mg Cu/kg soil, significantly decreased the seed 
yield by 12 and 15 %, relative to 334.5 mg Cu/kg soil and control. The average maximum 
reduction in seed yield among combination treatments was 20% when 24 and 1338 mg/kg of 
Cd-Cu was applied together, relative to the control. In comparison, the average maximum 
increase of 13 and 8% in seed yield was observed with cadmium at 24 mg/kg soil and 
chromium at 136 mg/kg soil respectively, compared to control. The combination of Cd-Cr (6 
+ 34 mg/kg) increased the seed yield by 7%, compared to control. Copper used either alone 
or as mixture decreased the grain protein (GP) of pea plants consistently with increasing 
levels, relative to control. Cadmium (24 mg/kg) with Cu (1338 mg/g) declined the GP by 
7%o compared to control. The mixtures of metals in general, had the greatest toxic effect on 
GP compared to single metal application. In comparison, Cd and Cr in general. 
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progressively increased the GP with increasing concentrations. The average maximum GP 
was observed with 24 mg Cd/kg (232 mg/g) and 136 mg Cr/kg (230 mg/g). 
The glutathione reductase (GR), an antioxidant enzyme, synthesized within roots and 
nodules of lentil and pea plants under heavy metal stress, increased considerably with 
increase in the concentration of cadmium, chromium and copper. Among these metals, 
cadmium induced the maximum production of glutathione reductase in both roots and 
nodules of lentil and pea plants, compared to other metals. Roots of both lentil and pea 
plants, in general, had the highest glutathione reductase activity, compared to nodules under 
all metal regimes. The maximum increase in GR activity of roots and nodules of lentil plants 
was observed for cadmium at 24 mg kg"' which increased the GR activity of roots by 282 
and 280% after 90 and 120 DAS, respectively, compared to those observed for control at 90 
(17 nmol/mg protein) and 120 DAS (15 nmol/mg protein), respectively. In comparison, the 
same concentration of cadmium increased the GR activity in nodules by 300 and 308% after 
90 and 120 DAS, respectively compared to control. In combination treatments, the 
maximum increase in GR activity in roots was observed with cadmium and copper (24 and 
1338 mg/kg) which increased the GR activity by 335 and 336% after 90 and 120 DAS 
respectively, compared to control. Similarly, the GR activity in nodules increased by 327 (at 
90 DAS) and 338% (at 120 DAS) at 24 mg Cd/kg and 1338 mg Cu/kg soil compared to 
control plants. Conversely, the maximum increase in GR activity of pea plants in this study 
was observed for cadmium at 24 mg/kg which increased the GR activity of roots by 260 and 
306% after 90 and 120 DAS respectively, compared to those observed for control at 90 (20 
nmol/mg protein) and 120 DAS (16 nmol/mg protein), respectively. In comparison, the same 
concentration of cadmium increased the GR activity in nodules by 319 and 307% after 90 
and 120 DAS respectively, compared to control. For dual metal treatments, the maximum 
increase in GR activity in roots was observed with cadmium and copper (24 and 1338 
mg/kg) which increased the GR activity by 280 and 319% after 90 and 120 DAS, 
respectively, relative to the control. Similarly, the GR activity in nodules increased by 338 
(at 90 DAS) and 329% (at 120 DAS) at 24 mg Cd/kg and 1338 mg Cu/kg soil above the 
control plants. The dual metal application exhibited the greatest GR activity in both roots 
and nodules, compared to sole metal application. 
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The uptake of metals by the roots and shoots at 60, 90 and 135 DAS and grains at 
135 DAS (for chickpea); roots and shoots at 50 and 80 DAS and grains at 80 DAS (for 
greengram); roots and shoots at 90 and 120 DAS and grains at 120 DAS (for lentil and pea) 
increased substantially with increase in the concentration of heavy metals. The accumulation 
of metals in roots, shoots and grains were influenced greatly by the concentration of each 
metal tested. A higher amount of metal in plant organs was observed when these metals 
were applied individually compared with the levels obtained for multiple metal ions. A 
greater uptake of zinc in chickpea was observed in both roots, shoots and grains compared to 
other metals. The greengram plants showed a maximum accumulation of cadmium at 50 and 
80 days after seeding in roots (2 and 3.1 |ig/g), shoots (0.72 and 0.84 \ig/g) and grains (0.35 
|ag/g) at 24 mg kg'" soil. In comparison, the concentration of chromium at 50 and 80 DAS 
was higher in roots (29.9 and 32.2 |ag/g), shoots (10.5 and 15.5 ng/g) and grains (4.5 |ag/g) 
at 136 mg/kg soil. The concentration of copper was higher in roots (60.1 and 64.5 |J.g/g), 
shoots (26.2 and 28.2 |.ig/g) and grains (15.7) at 1338 mg/kg soil. The lentil plants showed a 
maximum accumulation of cadmium in roots (1.9 and 2.8 |J.g/g) and shoots (0.5 and 0.8 
|ag/g) after 90 and 120 DAS, respectively, and grains (0.3 ^g/g) at 120 DAS with 24 mg/kg 
soil. In comparison, the higher concentration of chromium in roots (23.7 and 30.9 |ig/g) and 
shoots (14.5 and 20.6 ^ig/g) at 90 and 120 DAS respectively, and grains (5.8 |ig/g) after 120 
DAS, at 136 mg/kg soil. The concentration of copper was higher in roots (72.1 and 82 ^ig/g) 
and shoots (38.3 and 42.2 |ig/g) at 90 and 120 DAS, respectively, and grains (10.5) after 120 
DAS at 1338 mg/kg soil. The pea plants showed a maximum accumulation of cadmium in 
roots (1.5 and 2.1 |ig/g) and shoots (0.62 and 1.1 |ig/g) after 90 and 120 DAS respectively, 
and grains (0.32 ng/g) after 120 DAS with 24 mg/kg soil. In comparison, the higher 
concentration of chromium was observed at 90 and 120 DAS in roots (24.4 and 28.4 |ag/g, 
respectively) and shoots (15.5 and 17.9 |ag/g, respectively) and at 120 DAS for grains (2.7 
|ag/g). The application of 1338 mg/kg soil of copper showed the higher accumulation of 
copper in roots at 90 and 120 DAS (14.4 and 17.7 |ig/g) and shoots (8.5 and 11.7 ^ig/g) and 
at 120 DAS for grains (3.7). 
The plant growth promoting activities and the bioremediation potential of the 
selected strains were further evaluated with increasing concentrations of the tested metals 
using chickpea, greengram, lentil and pea plants inoculated with their respective metal 
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tolerant rhizobia or phosphate solubilizers. Chromium tolerant Mesorhizohium strain RC3 
increased the biological and chemical characteristics of chickpea in chromium amended soil, 
compared to non-inoculated plants but chromium amended soil. A maximum increase of 86, 
55, 71, 27, 129, 46 and 40% at 90 DAS, in nodule numbers, dry nodule mass, total dry mass, 
chlorophyll, leghaemoglobin, root N and shoot N respectively and 31,45, 26, 27 and 8 % at 
135 DAS in total dry mass, root N, shoot N, seed yield and grain protein, respectively, was 
observed at 136 mg Cr/kg soil compared to non-inoculated plants but having the same 
concentration of chromium. The bio-inoculant decreased the uptake of chromium in roots, 
shoots and grains, respectively compared to un-inoculated plants. Similarly, the bio-
inoculant Bacillus species PSBIO when added with 136 mg Cr/kg increased the nodule 
numbers, nodule dry weight, total dry weight, root N and shoot N by, 115, 59, 71, 4 and 3% 
at 90 DAS, respectively, while these parameters increased marginally at 135 DAS but seed 
yield and grain protein increased by 4 and 1%, respectively at 135 DAS, compared to 
control. 
The bio-inoculant strain Bradyrhizobium RM8 tolerant to nickel and zinc, 
substantially enhanced the plant growth, nodule numbers, chlorophyll content, 
leghaemoglobin, seed yield, grain protein, root N and shoot N of greengram plants 
compared to uninoculated but metal treated soil. The bio-inoculant strain RM8 significantly 
(P < 0.05) increased the nodule numbers, nodule dry mass, total dry mass, chlorophyll, 
leghaemoglobin, root N and shoot N by 54, 56 and 18, 19, 120, 41 and 37%, respectively, at 
50 DAS and the nodule numbers, nodule dry mass, total dry mass, root N, shoot N, seed 
yield and grain protein by 22, 33, 21, 38, 38, 34 and 13% respectively, at 80 DAS, when 
plants were grown in soil treated with 290 mg Ni/kg, compared to inoculated but without 
metal soil. Similarly, plants inoculated with strain RM 8 significantly (P < 0.05) increased 
root nodule numbers, dry nodule mass, total dry mass, chlorophyll, leghaemoglobin, root N 
and shoot N by 50, 71, 28, 9, 100, 47 and 42%, respectively, at 50 DAS and nodule 
numbers, nodule dry mass, total dry mass, root N, shoot N, seed yield and grain protein by 
73, 67, 26, 15, 39, 36 and 13% at 80 DAS, respectively, when plants were grown in soil 
amended with 4890 mg Zn/kg, compared to plants grown in the absence of bio-inoculant, 
but with the same concentration of metal. Furthermore, strain RMS reduced the uptake of 
nickel and zinc by plant organs compared to plants grown in the absence of bio-inoculant. In 
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a similar manner, the bio-inoculant Rhizobium sp. RP5 displayed a substantial increase of 
23, 32, 19, 19, 112, 26 and 47% at 90 DAS in nodule numbers, nodule dry mass, total dry 
matter, chlorophyll content, leghaemoglobin, root N and shoot N and 23, 28, 18, 40, 55, 26 
and 8% at 120 DAS in nodule numbers, nodule dry mass, total dry matter, root N, shoot N, 
seed yield and grain protein respectively, at 290 mg Ni/kg soil, compared to non-inoculated 
but amended with same rate of nickel. Similarly, when strain RP5 was also added with 4890 
mg Zn/kg soil, increased the nodule numbers, nodule dry mass, total dry matter, chlorophyll, 
leghaemoglobin, root N and shoot N by 23, 28, 16, 16, 78, 25 and 42% at 90 DAS and 
nodule numbers, nodule dry mass, total dry matter, root N, shoots N, seed yield and grain 
protein by 21, 22, 15, 25, 45, 26 and 6% at 120 DAS respectively, compared to plants 
grown in the absence of bio-inoculant but treated with the same dose of zinc. The bio-
inoculant decreased the uptake of nickel and zinc in roots, shoots and grains, respectively. 
compared to un-inoculated plants. Similar increase in the biological and chemical 
parameters of lentil plants was observed when nickel, zinc and lead tolerant Rhizobium RL9 
was also used in heavy metal treated soils. Rhizobial strain RL9 when used with 290 mg 
Ni/kg had the highest stimulatory effect and increased the nodule numbers, nodule dry 
weight and total dry weight by 50, 157 and 160% at 90 DAS and 82, 109 and 147% at 120 
DAS, respectively, compared to un-inoculated but 290 mg Ni/kg treated soil. Likewise, the 
bio-inoculant increased the N content, seed yield and grain protein even in the presence of 
different concentration of nickel, the maximum being 14 and 7% at 90 DAS and 19 and 8% 
in root N and shoot N respectively, 97% in seed yield and 15% in grain protein at 290 mg/kg 
compared to non-inoculated but 290 mg Ni/kg amended soil. The bio-inoculant Rhizobium 
RP5 capable of forming symbiosis specifically with pea plants and Rhizobium RL9 with 
lentil plants increased the glutathione reductase activity of roots and nodules at all the 
concentrations of nickel and zinc (pea) and nickel, lead and zinc (lentil), compared to un-
inoculated but plants grown in metal amended soils. Generally, when rhizobial or Bacillus 
strains applied as seed inoculant (biofertilizers) were used along with the metals, the 
inoculated strains prevented the uptake of metals by the legume organs. The study thus 
suggested that the rhizobia or Bacillus due to their intrinsic abilities of growth promotion 
and attenuation of the toxic effects of metals could be developed as inoculant and be 
exploited for remediation or restoration of metal derelict lands. 
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Introduction 
Heavy metal pollution is one of the current most troublesome environmental problems due 
to the widespread use of metals for industrial and agricuhural purposes (Femandes and 
Henriques, 1991). It adversely affect about 12% of the world's agricultural land (Moffat, 
1999). Heavy metal pollution has accelerated dramatically since the beginning of industrial 
revolution. The primary source of this pollution includes the industrial operations such as, 
smelting, mining, metal forging, manufacturing of alkaline storage batteries, combustion of 
fossil fuel and sewage sludge of industrial/domestic origin (Ibekwe et al , 1995). The 
application of sewage sludge in agronomic practices is often the most economical means of 
disposal. It is beneficial because it increases the organic matter content and water holding 
capacity of soil (Pagliai et al., 1981) and also provides plant with sufficient nutrients 
(Department of the Environment, 1981). However, sewage sludges from industrial sources, 
often contain variable amounts of potentially toxic heavy metals, such as, lead, cadmium, 
nickel, chromium, copper and zinc (McGrath, 1987). When these sludges are repeatedly 
applied to agronomic lands, heavy metals accumulate and persist in the top cultivated layer 
(0-20 cm) (McGrath, 1987). The persistence of these metals in soil adversely affect the agro-
ecosystem (Mcllveen and Negusanti, 1994; Broos et al., 2004, 2005). Despite the reports of 
availability of larger quantities of heavy metals in sewage water, it is widely applied in 
agronomic practices for irrigation purposes. Though, a large number of reports on the effects 
of sewage sludge having multiple metals on microbial communities (McGrath et al., 1988; 
Giller et al., 1998) and plants (Ibekwe et al., 1995) are available, yet there is discrepancy in 
the reported results (Ramirez et al., 2008). And hence, a firm conclusion on the toxicity of 
heavy metals on plants including legumes and their symbiotic partners or plant growth 
promoting rhizobacteria can not be drawn. Moreover, the majority of the adverse effects 
observed in sludge treated soils are possibly due to the factors other than metals (e.g. 
contaminants, excess N supply) which increases the toxicity. 
The amount of metals accumulated in soil depends on the emission levels, the 
transport of metals from the source to the accumulation site and the retention of the metal 
once it has reached the soil (AUoway, 1995). Although some of these elements (essential 
metals) are required by organisms at low concentrations (Adriano, 2001) and play a role in 
different metabolic function. For example, zinc is the component of a variety of 
metalloenzymes or it may act as cofactor for several enzymes (dehydrogenases, proteinases. 
peptidases, oxidase) (Hewitt, 1983) besides its role in metabolism of carbohydrates, 
proteins, phosphates, auxins, RNA and ribosome formation in plants (Shier, 1994). 
Similarly, copper at low concentration, contributes to several physiological processes, such 
as, photosynthesis, respiration, carbohydrate distribution, nitrogen synthesis, cell wall 
metabolism and seed production in plants (Kabata-Pendians and Pendians, 2001). However, 
the elevated concentration of such metals adversely affects the quantitative and qualitative 
composition of microbial communities in soil including those bacterial populations that 
aggressively colonize plant roots, and termed as plant growth promoting rhizobacteria 
(PGPR) (Kloepper and Schroth, 1978), leading to an altered microbial equilibrium in 
rhizosphere (Gray and Smith, 2005). Also, the enhanced concentrations of metals affect 
growth, metabolisms and consequently the total biomass of naturally occurring beneficial 
microorganisms (Obbard et al., 1994; Pajuelo et al., 2007; Oilier et al., 1998). On the 
contrary, the non essential metals (e.g. cadmium) are not involved in any known biological 
process because of its higher mobility and bioavailability (Mac Laughin and Singh, 1999). 
These metals are released from industrial or domestic sludges (Ibekwe et al., 1995), exerts a 
negative impact on both soil microbial communities (McOrath et al., 1988) and legumes 
(Rajkumar et al., 2006). For example, cadmium disturbs the (i) enzyme activities (ii) DNA-
mediated transformation (iii) symbiosis between microbes and plants and (iv) increases plant 
predisposition to fungal invasion (Kabata-Pendians and Pendians, 2001). 
The formation of nodules on the root systems of legumes following symbiosis with 
their host specific rhizobial partner is one of the important aspect of \QgnmQ-Rhizobium 
symbiosis, through which sufficient N is provided to the legumes grown either in metal 
contaminated or conventional soils. Legumes when grown in soils contaminated with heavy 
metals suffer severely from metal toxicity. For instance, the higher concentrations of metal 
ions in soil and their uptake by plant organs adversely affect the growth, symbiosis and 
consequently the yields of crops (Moftah, 2000) by disintegrating cell organelles and 
disrupting the membranes (Stretsy and Madhava Rao, 1999), acting as genotoxic substance 
(Sharma and Taukdar, 1987), disrupting the physiological processes, such as, photosynthesis 
and synthesis of chlorophyll pigments (Bibi and Hussain, 2005), by inactivating plant 
proteins (van Assche and Clijsters, 1990), and by arresting respiration and carbohydrate 
metabolism (Shakolnik, 1984). These toxic effects of heavy metals on nodulation and N2 
fixation in legumes have been reported in alfalfa (Medicago sativa) (Pajelo et al., 2007), 
cowpea {vigna unguiculata) (Kopittke et al., 2007), clover {Trifolium repens L) (Broos et 
al., 2005; McGrath et al., 1988) and chickpea {Cicer arietinum) (Yadav and Shukla, 1983). 
The reduction in Rhizobium-XQgmnQ symbiosis under heavy metal stress could be due to two 
reasons- (i) toxic metals prevent the formation of N2 fixing nodules and ii) the metal 
contamination results in the elimination of effective Rhizobium strains from the soil (Giller 
et al., 1989; Pajuelo et al., 2007). In a study by Reddy et al., (1983), the addition of sewage 
sludge from industrial area having toxic metal ions to the soil, adversely affected the 
survival of rhizobia. When 9x10^ cells/ml of Bradyrhizobium japonicum USDA 110 was 
added to two soils with different sludge concentrations and exposed for 42 days at 25 " C. < 
1% of the added organisms were recovered from both soils. This loss was attributed to the 
presence of heavy metals in the sludge (Reddy et al., 1983). White clover grown on sludge 
treated plots with metal concentrations at or near the current U.K. and commission of the 
European communities limits (apart from cadmium which was five times the limit), was not 
able to fix N2 (McGrath, et.al., 1988) . When the same metal contaminated soil was 
inoculated with an effective strain of R. leguminisorum bv. trifoli and the soil was kept at 25 
^ C for two months, no effective nodulation was obtained in soils inoculated with 10 ^  cells/ 
pot or lesser rhizobial populations . However, with the addition of large populations (> 10^  
cells/ pot) of rhizobia, sufficient number of the nodule bacteria survived and established an 
effective symbiosis. From these findings, it was concluded that the effective clover rhizobia 
were unable to survive in the free-living state outside the protected root nodule in the metal-
contaminated soil. Further, it was suggested that cadmium, zinc and copper are the most 
toxic metals to rhizobia. In addition, there is evidence that suggests that the reduction in 
plant growth and nodule size, and nitrogenase activity in white alfalfa were due to arsenic, 
when plants were grown in soils highly contaminated with this metal (Pajuelo et al., 2007). 
Additioally, studies on sludge field trials in Braunschweig showed that increasing sludge 
rates (and increasing' concentrations of heavy metals in soil) reduced the number of 
indigenous populations of R. leguminosarum bv. trifoli to low or undetectable levels 
(Chaudri et al., 1993). Adverse effects of sludge application were also found on numbers of 
R. leguminosarum bv. viciae and trifoli, the microsymbionts for beans and white clover in 
soils of a long term field experiment in Gleadthrope (Chaudri et al., 2000). The reports of 
metal toxicity on nitrogen fixation is however, conflicting. Earlier studies found little 
evidence that symbiotic nitrogen fixation (acetylene reduction activity) was strongly 
affected by heavy metals in mine spoils or in sludge amended soil (Heckman et al., 1987). 
Furthermore, a pronounced metal toxicity on white clover was confirmed in a sludge treated 
soil where nitrogen fixation was halved by increasing metal concentrations in soil (Broos et 
al., 2005). In contrast, Ibekwe et al , (1996) failed to detect any significant effect of metal 
contaminated sludge on nitrogen fixation in white clover. In other study, Ramirez et al., 
(2008) found that the digested, composted and thermally dried sludge and pig slurry have 
non-negligible short term phytotoxic effects on Brassica rapa, Lolium perenne and 
Trifolium pretense. 
The toxic metal contamination of soil environment therefore, requires an 
effective and affordable attention. The heavy metals in general can not be degraded 
biologically to more or less toxic products and hence, persist in the environment. To 
circumvent the metal stress, microorganisms of agronomic importance including plant 
growth promoting rhizobacteria and N2 fixers have evolved a number of mechanisms, which 
they use to tolerate the uptake of heavy metal ions (Nies, 1999). Such mechanisms include 
(i) the pumping of metal ions exterior to the cell (ii) accumulation and sequestration of the 
metal ions inside the cell and (iii) biotransformation- transformation of toxic metal to less 
toxic forms (Thacker and Madamwar, 2005) and adsorption/desorption of metals (Mamaril 
et al., 1997). These mechanisms could be constitutive or inducive. Due to these properties, 
when plant growth promoting rhizobacteria including nitrogen fixers, used as seed inoulant, 
were applied to soil, either treated/amended intentionally with metals or already 
contaminated, have shown a substantial reduction in the toxicity of metals and 
concomitantly improved the over all growth and yield of chickpea (Gupta et al., 2004), 
greengram (Vigna radiata L. wilczek) (Faisal and Hasnain, 2006) and tomato {Lycopersicon 
esculentum), Indian mustard {Brassica campestris) and canola {Brassica rapa) (Burd et al., 
2000). Besides their role in protecting the plants from metal toxicity, the plant growth 
promoting rhizobacteria are also well known for their role in enhancing the soil fertility and 
promoting crop productivity by (i) synthesizing particular compounds for the plants (Zaidi 
et al., 2004) (ii) facilitating the uptake of certain nutrients from the environment (Lucas 
Garcia et al., 2004a; ^akmak9i et al., 2006; Mellado et al., 2007) (iii) providing essential 
nutrients (Zaidi et al., 2003) and (iv) by protecting plants from diseases (Guo et al , 2004). 
Generally, plant growth promoting rhizobacteria improves plant growth by synthesizing 
phytohormones (Sheng and Xia, 2006; Ahmad et al., 2008), vitamins, enzymes and 
siderophores and antibiotics (Noordman et al., 2006; Burd et al., 2000). They also promote 
the growth of plants by alleviating the stress induced by ethylene-mediated impact on plants 
(Glick and Penrose, 2002) by synthesizing 1-aminocyclopropane-l-carboxylate (ACC) 
deaminase (Madhaiyan et al., 2007; Glick et al., 2007) in addition to their ability of fixing 
atmospheric N (Ni fixers) and solubilizing inorganic P (Khan et al., 2007) and making these 
two key elements available to crops (Perveen et al., 2002; Khan and Zaidi, 2007), 
mineralizing organic phosphate (Ponmurugan and Gopi, 2006) and improving plant stress 
tolerance to drought, salinity and metal toxicity. Among other plant growth promoting 
rhizobacteria, the symbiotic nitrogen fixers enhance the growth of legumes by (i) providing 
N to the plants using N2 fixation process (Zaidi et al., 2004) (ii) increasing the availability of 
nutrients and phytohormones (Shaharoona et al., 2006; Antoun et al., 1998) in the 
rhizosphere (iii) inducing increase in root surface area (iv) enhancing other symbiosis of the 
host (v) reducing or preventing the deleterious effects of phytopathogenic organisms (Khan 
et al., 2002) (vi) reducing the toxicity of metals in contaminated soils through 
adsorption/desorption (Mamaril et al., 1997) and (vii) by the combination of modes of 
action. Use of such plant growth promoting rhizobacterial strains possessing multiple 
properties of metal resistance/reduction and ability to promote plant growth through 
different mechanisms in metal contaminated soils make them one of the most suitable 
choices for bioremediation; a natural method for the restoration of derelict soils (Khan et al. 
2008). Bioremediation is the action of microbes or other biological system to 
degrade/transform environmental pollutants under controlled conditions to an innocuous 
state, or to levels below concentration limits established by regulatory authorities (Muller et 
al., 1996). Bioremediation can be applied in situ without the removal and transport of 
contaminated soils and without the disturbances of soil matrix or can be applied ex situ to 
soil at the site, which has been removed from the site via excavation. 
The other alternative approach used to clean up the contaminated soil includes the 
plants, the innovative technique being known as phytoremediation (Brooks, 1998; Audet and 
Charest, 2007; Mishra and Tripathi, 2008). This technology involves the use of metal 
accumulating plants to remove, transfer, or stabilize the contaminants from soils but this 
technique requires longer period of time (Wenzel et al., 1999). The use of plants for 
rehabilitation of heavy metal contaminated soil is an emerging area of interest because it 
provides an ecologically sound and safe method for restoration and remediation of polluted 
soils. The efficiency of phytoremediation technique is, however, influenced by the activity 
of rhizosphere microbes and the speciation and concentration of metals deposited into soil 
(Khan, 2005). For instance, use of plant growth promoting rhizobacteria like species of 
Pseudomonads and Acinetobacter have shown to enhance phytoremediation abilities of non-
hyperaccumulating maize {Zea mays L.) plants by increasing their growth and biomass. 
Also, plants growing in metal stressed soils can protect themselves from metal toxicity by 
synthesizing antioxidant enzymes, which scavenge the toxicity of reactive oxygen species 
generated by plants (Cardoso et al., 2005) and by the activities of associative bacteria under 
metal stress. For exarriple, the antioxidant enzymes, such as glutathione reductase, produced 
by microbes or plants in metal stressed environment reduce metal toxicity to plants (Cardoso 
et al., 2005). Therefore, managing the microbial populations in the rhizosphere by using 
microbial inoculum consisting of a consortium of plant growth promoting rhizobacteria and 
symbiotic nitrogen fixers as allied colonizers and biofertilizers, could provide plants with 
benefits crucial for ecosystem restoration on derelict lands. 
Due to rapid industrialization in India, numerous heavy metal releasing industries 
have been set up which pose a major threat to the survival and activities of plant growth 
promoting rhizobacteria and to the sustainability of agricultural crops which in turn may 
affect both humans and animals. Aligarh is a famous lock manufacturing city for more than 
50 years. During these years, large amounts of heavy metals have been released from lock 
manufacturing and electroplating industries, whose emission rate over the years has 
consistently been increased. The discharge of metals from these sources and their 
consequent accumulation into the soil environment affects the fertility of soils and 
concomitantly the productivity of agronomic crops. Among the various crops, legumes for 
example, chickpea {Cicer arieiinum), pea {Pisum sativum), greengram {Vigna radiata L. 
wilczek) and lentil {Lens eculenta Moench) which serve as a rich source of protein, in the 
Indian dietary system, are popularly grown in India, and also in the region of Aligarh,. Of 
these legumes, especially chickpea is the leading pulse crop occupying about 92% of the 
area and accounting 89% of the total production of grain legumes in semi arid tropical 
countries (Ahlawat, 2000). In India, chickpea occupies 7.7 million hectare and contributes 
about 50% of the total pulse production (Singh and Asthana, 1999). Greengram is also 
widely grown in the tropical countries. In India, greengram occupies an area of three 
million-hectare, accounting for 14% of total pulses area and 7% of total production (Singh et 
al., 2004). Lentil is grown over 3.29 million hectare area with a total production of around 
2.89 million tonnes world wide (Rathore, 2000). In India, lentil is grown over one million 
hectare with a production of half million tonnes. Pea is one of the important pulse crops of 
the world and is cultivated over an area of 5.9 million hectares with a production of about 
11.7 million tones. In India, pea is grown over an area of 0.7 million hectares accounting for 
about 0.6 million tones and contributes 3% in total pulses area and about 5%) in total pulses 
production. Agricultural fields near the major industrial area of Aligarh are used for growing 
legumes, for which industrial sewage water is used as a source of irrigation. Considering 
heavy metals as a global threat and the lack of adequate data and conflicting reports on the 
effect of toxic metals on plant growth promoting rhizobacteria including Ni-fixers and their 
symbiosis with legume plants and the possibility of damage to the legumes due to the 
deposition of heavy metals into the soil, the current studies were designed with the following 
specific objectives-
*l* quantitative determination of heavy metals and plant growth promoting rhizobacteria 
from the metal polluted and non-polluted soils of Aligarh and adjoining industrial 
area 
• isolation of nitrogen fixing bacteria from the nodules of legumes grown in metal 
contaminated/conventional soils and phosphate solubilizing bacteria from metal 
stressed or non-polluted soils 
• to evaluate the tolerance of rhizobacteria against cadmium, chromium, nickel, lead, 
zinc and copper 
• to investigate the antibiotic resistant pattern of heavy metal tolerant strains of plant 
growth promoting rhizobacteria including Na-fixers 
• to evaluate the production of plant growth promoting substances both in the absence 
and presence of specific metal ions 
• to assess the ability of metal tolerant plant growth promoting rhizobacterial strains to 
reduce chromium (VI) and to solubilize insoluble forms of zinc and lead 
• to evaluate the effect of toxic metals when used separately and as mixtures, on the 
performamce of chickpea, greengram, lentil and pea in sandy clay loam soils. Also, to 
assess the antioxidant enzyme activity and uptake of metals and nitrogen by the 
plant organs of the selected legumes and 
• to assess the bioremediation potentials of metal tolerant strains of nitrogen fixers and 
phosphate solubilizing bacteria, using chickpea, greengram, lentil and pea as test 
legume. Quantitative assay of antioxidant enzyme activity and uptake of nitrogen 
and metal by legume organs, grown in sandy clay loam soils, amended with or 
without metals were also determined. 
Literature Review 
2.1 RHIZOSPHERE AND PLANT GROWTH PROMOTING RHIZOBACTERIA 
The rhizosphere can be defined as any volume of soil specifically influenced by plant roots 
and/or in association with roots hairs, and plant-produced materials (Bringhurst et al., 2001). 
This space includes soil bound by plant roots, often extending a few milli meter from the 
root surface and can include the plant root epidermal layer (Mahaffee and Kloepper, 1997). 
Plant exudates in the rhizosphere, such as amino acids and sugars, provide a rich source of 
energy and nutrients for bacteria including PGPR, resulting in bacterial populations greater 
in this area than outside the rhizosphere. Similarly, the soil aggregates affect the diversity of 
microbial communities (Vadakattu et al , 2006). The rhizosphere bacteria able to 
aggressively colonize plant root systems and promote plant growth are referred to as plant 
growth promoting rhizobacteria (PGPR) (Kloepper and Schroth, 1978). Broadly, PGPR can 
be divided into two major groups according to their relationship with the host plants: (i) 
symbiotic bacteria and (ii) free-living rhizobacteria (Khan, 2005). However, based on their 
localization, PGPR can be divided into the following groups- (i) intracellular PGPR— 
(iPGPR) bacteria residing inside plant cells, producing nodules and being localized inside 
those specialized structures (e.g., nodules) and (ii) extracellular PGPR (ePGPR)— those 
bacteria living outside plant cells and not producing nodules, but enhancing plant growth 
through production of signal compounds that directly stimulate plant growth, improve plant 
disease resistance, or improve nutrient status of soil. The ePGPR has further been 
subdivided into three types, based on the degree of association with plant roots- (i) those 
living near, but not in contact with the roots (ii) those colonizing the root surface and (iii) 
those living in the spaces between cells of the root cortex. Of these PGPR, iPGPR are 
mostly Gram-negative and rod-shaped, with a few bacterial populations being Gram-positive 
rods, cocci and pleomorphic forms. Generally, iPGPR includes the member of rhizobiace, 
capable of forming nodules on the root systems of leguminous plants. In contrast, some of 
the agronomically important ePGPR include the genera, such as, Bacillus (Ryder et al., 
1999), Pseudomonas (De Freitas and Germida, 1991) Erwinia (Nelson, 1998), Enterohacter 
(Tanii et al., 1990), Caulobacter, Serratia (Zhang et al., 1996), Flavobacterium (Tanii et al., 
1990), Actinobacter sp. (Tanii et al , 1990), Aeromonas caviae (Inbar and Chet, 1991). 
Agrobacterium (Ryder and Jones, 1990), Alcaligenes sp. (Yuen et al., 1985), 
Phyllobacterium sp. (Lambert et al., 1990), and Bacillus thuringiensis (Bai et al., 2002a), 
Hyphomycrobium, Azotobacter, Azospirilium and Acetobacter (Prithiviraj et al., 2003). 
2.1.1 Mechanism of growth promotion by plant growth promoting rhizobacteria 
Plant growth promoting rhizobacteria can affect plant growth either- (i) indirectly or (ii) 
directly. The indirect promotion of plant growth occurs when PGPR lessen or prevent the 
deleterious effects of one or more phytopathogenic organisms while direct promotion of 
plant growth by PGPR involves either providing plants with a compound synthesized by the 
bacterium or facilitating the uptake of certain nutrients from the environment. Thus, PGPR 
functions in three different ways: - (i) synthesizing particular compounds for the plants (ii) 
facilitating the uptake of certain nutrients from environment (Lucas Garcia et al., 2004a; 
(^akmak^i et al., 2006) and (iii) protecting plants from diseases (Guo et al., 2004). 
Regardless of the mechanisms of plant growth promotion, PGPR must colonize the 
rhizosphere around the roots, the rhizoplane or the root itself (Glick, 1995). Generally, the 
plant growth promoting rhizobacteria improves plant growth by synthesizing 
phytohormones precursors (Ahmad et al., 2008), vitamins, enzymes and siderophores and 
antibiotics (Burd et al., 2000; Glick, 2001) and inhibiting ethylene synthesis (Glick et al., 
2007), in addition to their ability of fixing atmospheric N (Nj fixers) and solubilizing 
inorganic P and making these two key elements available to crops (Perveen et al., 2002; 
Khan and Zaidi 2007), mineralizing organic phosphate (Ponmurugan and Gopi, 2006) and 
improving plant stress tolerance to drought, salinity and metal toxicity. The growth 
promoting substances synthesized by various PGPR are summarized in Table 1 while those 
synthesized by nitrogen fixers are given in Table 2. These plant growth regulators play an 
important role in the development of roots specially the elongation of root hairs (Loper and 
Schroth, 1986). Furthermore, PGPR can also promote plant growth by the synthesis of 1-
aminocyclopropane-lcarboxylate (ACC) deaminase, which hydrolyze ACC (the immediate 
precursor of plant hormone ethylene) to NH3 and a-ketobutyrate (Reed et al., 2005; 
Safronova et al., 2006) thus reducing the levels of ACC and ethylene in plant and 
consequently reduces the inhibition effects of ethylene on root growth. Several PGPR with 
ACC deaminase activity have been isolated from rhizosphere of various plants (Madhaiyan 
et al., 2007; Mellado et al., 2007). 
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2.1.2 Symbiotic nitrogen fixers and nitrogen fixation 
They are aerobic, Gram negative, rod shaped cells, possess granules of poly p-hydroxy 
butyrate and grow best at 25-30^ C and pH 6-7. Colonies are generally circular, convex, 
semitranslucent, raised and mucilaginous, usually 2-4 mm in diameter within 3-5 days on 
yeast mannitol (YEMA) salt agar. They utilize a wide range of carbohydrates and salts. 
Table 1. Growth promoting substances produced by plant growth promoting rhizobacteria 
Organisms 
Azotobacter, Fluorescent Pseudomonas, 
and Bacillus 
Pseudomonas, Bacillus 
Brevibacillus sp. 
Xanthomonas sp. RJ3, Azomonas 
RJ4,Pseudomonas sp.RJlO, Bacillus 
RJ31 
Bacillus sp. 
Brevibacterium sp. 
Bacillus subtilis 
Variovorax paradoxus, Rhodococcus : 
and Flavobacterium (Cd tolerant) 
Pseudomonas fluorescens 
Pseudomonas putida 
sp. 
sp. 
sp. 
Azotobacter, Fluorescent Pseudomonas 
Micrococcus luteus 
Bacillus and Azospirillum sp. 
Pseudomonas aeruginosa 
Bacillus, Pseudomons, Azotobacter, and 
Growth regulators 
lAA, Siderophore, Ammonia, 
HCN, P-solubilization 
Siderophores, lAA, P-
solubilization 
lAA 
lAA 
P-solubilization 
Siderophore 
lAA and P-solubilization 
lAA and siderophores 
lAA, siderophore and P-
solubilization 
Siderophore 
lAA 
lAA, P-solubilization 
lAA, P-solubilization 
lAA, Siderophore, HCN 
P-solubilization and lAA 
Reference 
Ahmad et al., (2008) 
Rajkumar et al., (2006) 
Vivas et al., (2006) 
Sheng and Xia, (2006) 
Canbolat et al., (2006) 
Noordman et al., (2006) 
Zaidi et al., (2006) 
Belimov et al., (2005) 
Gupta et al , (2005) 
Tripathi et al., (2005) 
Ahmad et al., (2005) 
Antoun et al., (2004) 
Yasmin et al., (2004) 
Bano et al., (2003) 
Tank and Saraf, (2003) 
Azospirillum 
Pseudomonas sp. 
Pseudomonas sp. 
Pseudomonas fluorescence 
Azotobacter chroococcum 
Kluyvera ascorbata 
Siderophore 
lAA, siderophore and P-
solubilization 
Siderophore 
Gibberellin, kinetin, lAA 
Siderophore 
Sharma et al., (2003) 
Gupta et al., (2002) 
Khan et al., (2002) 
Vermaetal., (2001) 
Burd et al., (2000) 
Ammonium salts, nitrate, nitrite and most amino acids can serve as nitrogen sources. The 
symbiotic nitrogen fixers are highly specific to legume host and forms an effective 
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symbiosis with their corresponding host. During symbiosis, the bacteria attaches to the root 
hairs, penetrate the roots and induce proliferation of the root cells, leading ultimately to the 
development of an organ, often termed 'nodule' on the root systems of legume plants. 
Within the resulting root nodules, the bacteria exist as highly pleomorphic Ni-fixing forms 
called bacteroids. Leghaemoglobin occurs within the root nodules and serve to protect the 
nitrogenase enzyme complex from oxygen sensitivity. 
Table 2.Plant growth promoting substances synthesized by symbiotic nitrogen fixers 
Symbiotic N2 fixers Plant growth promoting substances Reference 
Mesorhizobium 
Bradyrhizobiumjaponicum 
Rhizobium 
Bradyrhizobium (Arachis) 
Rhizobium 
Mesorhizobium, 
Bradyrhizobium sp. (vignd) 
Rhizobium meliloti 
Bradyrhizobium, 
Rhizobium 
Bradyrhizobium, Rhizobium 
Rhizobium ciceri 
Bradyrhizobiumjaponicum 
Rhizobium, Bradyrhizobium 
lAA, siderophore, ammonia, HCN, P-
solubilization 
lAA 
HCN, siderophore 
siderophore, lAA and P-solubilization 
P-solubilization and lAA 
Siderophore 
Siderophore 
lAA, HCN, siderophore 
Siderophore 
Siderophopre 
Siderophore 
P-solubilization 
Ahmad et al., (2008) 
Shaharoona et a!., (2006) 
Deshwal et al., (2003) 
Deshwal et al., (2003) 
Tank and Saraf, (2003) 
Khan etal., (2002) 
Aroraetal, (2001) 
Antoun etal., (1998) 
Duhan etal., (1998) 
Berraho etal., (1997) 
Wittenberg etal., (1996) 
Abda-Alla., (1994) 
Biological nitrogen fixation (BNF) represents the major source of N input in 
agricultural soils. The major N2 fixing systems are the symbiotic systems, which can play a 
major role in improving the fertility and productivity of low-N-soils. The atmosphere 
contains about 10 tonnes of N2 gas, and the nitrogen cycle involves the transformation of 
some 3 X 10 tonnes of N2 per year on a global basis (Postgate, 1982). Lightning probably 
accounts for about 10% of the world's supply of fixed nitrogen (Sprent and Sprent, 1990). 
The fertilizer industry also provides a substantial quantity of chemically fixed nitrogen. 
World production of fixed nitrogen from dinitrogen for chemical fertilizer accounts for about 
25% of the Earth's newly fixed N2, while biological processes accounts for about 60% where 
BNF is estimated to contribute 180 x 10^ metric tons/year globally (Postgate, 1998). 
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Nitrogen fixing organisms can broadly be categorized as- (a) symbiotic nitrogen fixing 
bacteria, that includes members of family rhizobeaceae, forms symbiosis with leguminous 
host and non-leguminous trees (e.g. Frankid) and (b) non symbiotic (free living, associative 
and endophytes) nitrogen fixing forms such as cyanobacteria {Anabena, Nosloc), 
Azospirillum, Azotobacter, Gluconoacetobacter diazotrophicus and Azocarus etc. In 
developed and developing countries like India, agricuhure heavily depend on chemical N 
fertilizers to meet out the crop N demands (Subba-Rao, 1980). However, due to spiraling 
cost of fertilizers and environmental hazards (Al-Sherif, 1998) associated with the use of 
chemical fertilizers, the researchers are searching for an inexpensive alternative chemical 
fertilizers. In this context, BNF as a natural and inexpensive source of N has drawn the 
attention of scientist's world over (Peoples et al., 1995a). The use of BNF is ecologically 
benign and can help to reduce the use of fossil fuels and can be helpful in reforestation and 
in restoration of soil health thereby leading to increase in crop productivity. 
2.1.3 Biological nitrogen fixation and crop productivity 
Organisms that fix nitrogen are of greater agronomic importance for sustainability of crops 
in soils deficient in nitrogen. A wide array of organisms possesses the ability to fix 
atmospheric nitrogen. However, only a very few organism belonging to different groups are 
able to fix nitrogen (Zehran et al., 1995). Among the nitrogen fixing bacteria. 
Achromobacter, Acetobacter, Alcaligens, Arthrobacter, Azospirillum, Azotobacter. 
Azomonas, Bacillus, Beijerinckia, Clostridium, Corynebacterium, Derxia, Enterobacter. 
Herbaspirillum, Klebsiella, Pseudomonas, Rhodospirillum, Rhodopseudomonas and 
Xanthobacter have been identified as nitrogen fixers (Dobbelaere et al., 2003; Bashan and 
de Bashan, 2005). The atmospheric nitrogen is converted to usuable forms of N (i.e. NH4 )^ 
through nitrogenase, which is most sensitive to O2. However, each group of nitrogen fixing 
organism possess a mechanism to protect nitrogenase from oxygen toxicity. Nitrogenase 
activity is usually measured by a sensifive process called the acetylene reduction assay 
(ARA) (Sprent and Sprent, 1990). In comparison, the 15N isotopic method used to measure 
N2 fixation is though accurate, but expensive. 
Legumes are very important both ecologically and agriculturally because they are 
responsible for a substantial part of the global flux of nitrogen from atmospheric N2 to fixed 
forms, such as ammonia, nitrate, and organic nitrogen. Whatever the true figure, legume 
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symbioses contribute at least 70 million tones of N per year, approximately half deriving 
from the cool and warm temperature zones and the remainder deriving from the tropics 
(Brockwell et al., 1995). Increased plant protein levels and reduced depletion of soil N 
reserves are obvious consequences of legume N2 fixation. Deficiency in mineral nitrogen 
often limits plant growth, and so symbiotic relationships have evolved between plants and a 
variety of nitrogen-fixing organisms (Freiberg et al., 1997). Successful Rhizobium- legume 
symbioses will definitely increase the incorporation of BNF into soil ecosystems. 
Rhizobium-\egume symbioses are the primary source of fixed nitrogen in landbased systems 
(Tate, 1995) and can provide well over half of the biological source of fixed nitrogen (Tate, 
1995). Atmospheric N2 fixed symbiotically by the association between Rhizobium species 
and legumes represents a renewable source of N for agriculture (Peoples et al., 1995b). 
Values estimated for various legume crops and pasture species are often impressive, 
commonly falling in the range of 200 to 300 kg of N ha ' year"' (Peoples et al., 1995a). Yield 
increases of crops planted after harvesting of legumes are often equivalent to those expected 
from application of 30 to 80 kg of fertilizer-N ha"'. Numerous authors have reported positive 
effects of a single inoculation with symbiotic or asymbiotic (e.g. Azotobacter) nitrogen 
fixing organisms on various agronomic crops (Zaidi et al., 2004; Khan and Zaidi, 2007). 
Research by Garcia et al., (2004) suggested a synergistic interaction between PGPR (e.g. 
Pseudomonas fluorescens, Chryseobacterium balustinum and Serratia fonticola) and 
symbiotic nitrogen fixer (Sinorhizobium fredii) in soybean crop. They suggested that the 
single inoculation of PGPR and Sinorhizobium fredii had better results on the growth of 
inoculated soybean compared to combined inoculation of PGPR and Sinorhizobium fredii 
probably due to a competition between PGPR and nodule bacterium. 
However, the complexity of inoculation effects of rhizosphere organisms on legume 
crops arise from variations in the physico-chemical properties of soils, plant-microbe 
interaction and microbe-microbe interaction, which in turn, have led to many contradictions 
in the literature. Yet the increase in plant vitality, symbiotic traits and yield of crop plants 
following inoculations with PGPR including N2 fixing organisms (including both symbiotic 
and free living N2 fixers) and phosphate solubilizing organisms either alone or in 
combinations have been reported (Khan et al., 2007; Zaidi et al., 2003). Indeed, the results 
from various experiments conducted either under pot house conditions or under field 
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environments, have clearly indicated enhancement of plant growth, nodulation, yield and 
nutrient uptake of greengram (Zaidi et al., 2004), chickpea (Ziadi et al , 2003) and wheat 
plants (Khan and Zaidi, 2007), in response to microbial inoculations, especially in sites poor 
in nitrogen. In a recent study, Zaidi and Khan, (2007), recorded significant increase in plant 
vigour, nodulation, yield, grain protein and nutrient uptake in chickpea plants following 
single inoculation of Mesorhizohium ciceri. 
2.1.4 Plant Growth regulators 
Plant growth regulators (PGRs) are the substances that influence physiological processes of 
plant at very low concentrations and modify or controls one or more specific metabolic 
events of a plant. According to Environmental Protection Agency (EPA), the plant 
regulators have been defined "any substance or mixture of substances intended, through 
physiological action, to accelerate or retard the rate of growth or maturation, or otherwise 
alter the behavior of plants or their produce. Additionally, plant regulators are characterized 
by their low rates of application; high application rates of the same compounds often are 
considered hafmfull. Such compounds produced by the plant are called a plant hormone 
(Davies, 1995) which can be synthesized by PGPR (Ahmad et al., 2008; Karadeniz et al.. 
2006). Microbial production of PGRs affects the microbial communities or plant pathogens 
by changeing the composition of root exudates. The exudates accumulate in the rhizosphere 
and in turn affect the nutritional status of the soil. The phytohormones and other compounds 
synthesized by PGPR affecting plant growth are discussed briefly in the following section. 
2.1.5 Phytohormones 
2.1.5.1 Biosynthesis of indole acetic acid 
lndole-3-acetic acid and its analogue is the primary active auxin in most plants. It is 
synthesized from tryptophan, primarly in leaf primordial, young leaves and developing 
seeds. Auxin plays an important role in the development of roots including root initiation, 
cell enlargement and cell division (Glick, 1995). It has been shown that free lAA is easily 
converted into esterified lAA with sugar or amide-linked lAA and such conjugated forms 
are the forms in which lAA is stored in plants. Two kinds of genes that are involved in the 
formulation of conjugated lAA and the hydrolysis of lAA (Bartel and Fink, 1995) have been 
isolated. However, the biosynthetic process of lAA in plants at the molecular level have not 
yet been characterized due to several reasons- (i) levels of lAA in intact cells are low (ii) 
15 
indole compounds are non-enzymatically degraded (iii) bacterial contamination can 
complicate assays of enzymatic activity and (iv) compartmentalization of cells is disrupted 
in assays in vitro. Indole acetic acid is also important for the microbes that interact with 
plants. The biosynthesis of lAA has been assayed mainly for plant-associated bacteria and at 
molecular level, two pathways of lAA production have been identified- (i) the indole-3-
pyruvic acid pathway, reported in PGPR, Enterobacter cloacae, Rhizobium and 
Bradyrhizobium and the (ii) indole acetamide (JAM) pathway, which is often found in 
tumor-forming bacteria, such as Pseudomonas syringae pv. savastanoi and Agrohacterium, 
for which genes are plasmid borne. 
The indole-3-pyruvic acid pathway involved in the synthesis of lAA in bacteria was 
reported by Koga et al., (1991) using E. cloacae, isolated from the cucumber rhizosphere. 
This bacterium produced significant amounts of lAA in the culture medium. Interestingly, 
the cloned E. coli, having lAA genes of E. cloacae produced large amounts of lAA, even 
though there are three different enzymes in the indole-3-pyruvic acid pathway. Moreover, 
the gene (ipdc) transformed from E. cloacae did not encode tryptophan aminotransferase, 
regarded as the enzyme that catalyzes the rate-limiting step in the pathway to lAA. The gene 
encoded indole pyruvate decarboxylase, whose enzymatic activity has been proved very 
difficult to detect. The lAM pathway was first detected in P. syringae. pv. savastanoi, which 
induces the production of tumorous outgrowths on olive and oleander plants. The pathway 
depends on the products of two genes, iaaM and iaaH. The iaaM gene encodes tryptophan 
2-monooxygenase, which catalyzes the conversion of L-tryptophan to lAM, while iaaH 
encodes lAM hydrolase, which catalyzes the conversion of lAM to lAA. Induction of tumor 
formation by P. syringae pv. savastanoi on its host plants requires the overproduction of 
lAA. This pathway has also been reported for other tumor-forming bacteria and Erwinia 
herbicolapv. gypsophilae (Clark et al., 1993). 
2.1.5.2 Indole acetic production by plant growth promoting rhizobacteria 
Indole acetic acid is commonly produced by PGPR (Lynch, 1985). Plant growth promoting 
rhizobacterial strains uses the rich supplies of substrates exuded from the roots and releases 
auxin in the rhizospheres as secondry metabolites (Strzelczyk and Pokojska-Burdziej, 1984). 
Though, Bradyrhizobia and rhizobia are known exclusively for their N2 fixing ability, yet 
they are also reported to produce lAA (Table I). For example, species of Brayrhizobium, 
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Rhizobium and Mesorhizobium produced a substantial amount of lAA under in vitro 
conditions (Antoun et al., 1998; Ahmad et al., 2008). Among other PGPR strains, 
Pseudomonas, Bacillus, Agrobacterium sp., Alcaligens piechaudii and two strains of 
Comamonas acidovorans secreted lAA at lower levels as compared to deleterious bacteria 
(Barazani and Friedman, 1999; Rajkumar et al., 2006). Bacteria associated with the roots of 
greenhouse tropical orchids have also been shown to produce lAA as demonstrated by thin 
layer chromatopraphy and by biotests. (Tsavkelova et al., 2005). In other study, numerous 
bacterial isolates recovered from the wheat rhizosphere showed the production of auxins 
(ranging from 1.1 to 12.1 mg 1'') under in vitro conditions. However, when the medium was 
supplemented exogenously with tryptophan, it enhanced significantly the auxin biosynthesis. 
Later on, the high performance liquid chromatography (HPLC) analysis confirmed the 
presence of lAA and indole acetamide (lAM) as the major auxins in the culture filtrates of 
these rhizobacteria (Khalid et al., 2004) 
2.1.5.3 Siderophores 
Iron plays an important role in various biochemical and physiological processes, such as 
respiration, photosynthetic transport, nitrate reduction, chlorophyll synthesis and nitrogen 
fixation (Robinson and Postgate, 1980). Despite its high abundance in earth's crust (1-6%), 
it is often unavailable to the microorganisms and plants. Therefore, the microbes often suffer 
from iron limitation because of low solubility of iron (111) salts near neutrality. The 
limitation of iron can inhibit growth, decrease genetic materials and inhibit sporulation and 
can also change the cell morphology. Iron is present as a cofactor or required by different 
enzymes and proteins such as peroxidase, superoxide dismutase, nitrogenase, glutamate 
synthase, ribonucleotide, diphosphate reductase, aconitase, DAPH synthetase, cytochromes, 
ferridoxin and flavoproteins. Iron exists in aerobic soil and water environment in the Fe^ ^ 
state, most insoluble at physiological pH (Crowley et al., 1987). A level of at least one micro 
molar iron is needed for optimum growth and if (<1 i^ M) it is iron-stressed condition 
(Ownley et al. 2003). These environmental restrictions and biological imperatives therefore, 
requires that microorganisms form this specific nutrient, which is though abundant but 
essentially unavailable (Leeman et al., 1996). In response to these conditions, all aerobic and 
facultative anaerobic prokaryotes and some plants produce low molecular weight 
compounds to provide themselves with iron. The low molecular mass (0.5 - 1.5 kDa) ferric-
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specific iron-chelators compounds are often called as siderophores (Nielsen and Sorensen, 
2003). 
2.1.5.4 Siderophores: biological sensor of iron nutrition 
Siderophores, from the Greek, iron carriers, play a role in scavenging iron fi-om environment 
and to make this mineral, which is always essential, available to microbial cell. 
Consequently, iron becomes unavailable to microorganisms that are unable to use these 
siderophores and competition for iron between microorganisms seems probable. Studies on 
microorganisms producing siderophores have received much attention in recent times due to 
its potential application in agriculture (Compant et al., 2005). Most of the siderophores are 
water-soluble and can be divided into- (i) extracellular siderophores and (ii) intracellular 
siderophores. For example, the carboxymycobactins and exochelins are the extracellular 
siderophores produced by mycobacteria. In contrast, some siderophores are not excreted at 
all (e.g. mycobactins, synthesized by mycobacteria) and remains within the cell envelope 
(De Voss et al.,1999). Similarly, fungi also produce both extracellular and intracellular 
siderophores, as found in spores and mycelia of Neurospora and Aspergillus (Ratledge and 
Dover, 2000). Generallyl, most siderophore transport systems are highly specific for certain 
siderophores, although some broad-range siderophore-recognition systems have been 
described based on ligand-exchange mechanisms (Bultreys et al., 2003). 
2.1.5.5 Chemical and biological properties of siderophores 
Broadly, siderophores have been classified into four groups- (i) hydroxamate (ii) phenol 
catecholates (iii) carboxylate and (iv) salicylic acid (2-hydroxy benzoic acid). Among the 
siderophore-producing microbes, PGPR produce both hydroxamate and catecholate 
siderophores, but fungi produce only hydroxamate type compounds (Witter and Luther, 
1998). Hydroxamate siderophores are generally referred to as pseudobactin or pyoverdine 
type siderophores. Constant quinoline chromophore, responsible for colour of molecule, is 
bound to a peptide chain and to a dicarboxylic acid, or to a dicarboxylic amide in 
hydroxamate siderophores. The peptide chain is always the same for a given strain but is 
different in different strains and species (Meyer et al., 1997). Each pyoverdin is based on a 
common theme of three iron binding ligands, one of which is always a a-dihydroxy aromatic 
group derived from quinoline located in the chromophore. The other two are located in the 
peptide chain and are hydroxamic acids derived from ornithine either acylated N-
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hydroxyomithine or cyclized N-hydroxyomithine, or one hydroxamic acid derived from 
ornithine plus a p-hydroxyaspartic acid residual. A catecholate siderophore complex consists 
of three catecholamide groups ligating the metal ion by six oxygen atoms. The 
catecholamide groups are linked to a trilactone ring or they are connected by a backbone of 
alkyl chain beginning at a tertiary carbon or a nitrogen atom. Catecholates are ideal ligands 
for interaction with iron because of the presence of the hydroxyl groups within the catechol 
moieties of the siderophores. These hydroxyl groups contain two protons that have high pKa 
values of 9.2 and 10.2. This indicates that the oxygen atoms present have a high electron 
density, and thus represent ligands with a high affinity for protons when deprotonated at pH 
values above 6.5. In addition, because iron (III) is a strong Lewis acid it readily donates 
protons to other atoms such as the polarizable oxygen atoms of the catechol moiety. This 
electrostatic interaction gives catecholate siderophores a greater affinity for iron (111) 
compared to their hydroxamate counterparts. 
Eventhough the main function of siderophores is to acquire iron from insoluble 
hydroxides or from iron adsorbed onto solid surfaces, they can also extract iron from various 
other soluble and insoluble iron compounds. They can extract iron from ferric citrate, ferric 
phosphate, Fe-transferrin, ferritin or iron bound to sugars, plant flavone pigments and 
glycosides or even from artificial chelators like EDTA and nitrilotriacetate by Fe 
(III)/ligand-exchange reactions. Siderophores are thus not only directly involved in iron 
solubilization, but can indirectly make iron available to both microbes and plants. The 
efficiency of siderophores in microbial metabolism is based mainly on three facts, (i) 
siderophores consisting of hydroxamate, catecholate or a-hydroxycarboxylate ligands 
contain the most efficient iron-binding ligand types in nature and satisfy the six co-
ordination sites on ferric ions. Siderophores also increase the stability due to its chelating 
effects (ii) regulation of siderophore biosynthesis is an economic means of spending 
metabolic energy, but it also allows the production of high local concentrations of 
siderophores in the vicinity of microbial cells during iron limitation. The over production of 
siderophores by host-adapted bacterial strains leads to increased virulence and (iii) besides 
their ability to solubilize iron and to function as external iron carriers, siderophores exhibit 
structural and conformational specificities to fit into membrane receptors and/or transporters 
(Stintzietal., 2000). 
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2.1.5.6 Siderophore production by microorganisms 
The siderophore production in iron stress conditions confers upon these organisms an added 
advantage, resulting in exclusion of pathogens due to iron starvation. Siderophore 
production by rhizobial strains have been considered as a potential way to improve 
nodulation and N2 fixation in iron deficient conditions. (O' Hara et al, 1998; Khan et al., 
2002) respectively. Moreover, siderophore producing ability might favour the persistence of 
rhizobia in iron-deficient soils (Lesueur et al., 1993). In a study, strains of Rhizohium ciceri, 
showed the production of siderophores in Chrome Azurol S (CAS) agar medium while the 
supematants of Rhizobium ciceri cultures yielded salicylic acid and 2,3-dihydroxybenzoic 
acid (DHBA) as phenolate-type siderophores. Addition of ferric iron to the culture medium 
though increased growth yield, but decreased the production of siderophores (Berraho et al., 
1997). Similarly, 31 bradyrhizobial and rhizobial strains infecting pigeon pea were 
secreened for siderophore production using CAS agar plate as well as a CAS assay solution. 
Of these, only 23 strains showed siderophore production and of the 23 strains positive to 
siderophore, 21 strins showed the production of hydroxymate, while 6 strains showed the 
production of catechol type of siderophore. A large variation in the quantity of hydroxymate 
and catechol produced by different rhizobial strains was observed. Moreover, the 
siderophore producing strains stimulated the N2 fixing efficiency of the rhizobial strains 
(Duhan et al., 1998). Furthermore, of the 12 isolates oi Rhizobium meliloti isolated from the 
medicinal plant, Mucuna pruriem, only two isolates (RMP3 and RMP5) inhibited the 
growth of phytopathogens {Macrophomonia phaseolind). Further, a marked enhancement in 
percentage seed germination, seedling biomass, nodule number and nodule weight of M 
phaseolina infected groundnut plants inoculated with the strains RMP3 and RMP, was 
observed suggesting the growth promoting activities of siderophores (Arora et al., 2001). 
Among other PGPR, Pseudomonas aeruginosa (GRCl), isolated from potato rhizosphere, 
produced several plant growth promoting substances, including siderophore. The 
siderophore was identified as hydroxymate and when P. aeruginosa was used in field trials, 
enhanced growth and yield of Indian mustard var Pusa gold (Pandey et al., 2005). 
2.1.5.7 Phosphate solubilizing microorganisms and sustainability of crops 
Phosphorus (P) is an essential plant nutrient whose deficiency restricts crop yields severely. 
Most tropical and some subtropical soils are acidic and strong P-sorption combined with low 
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inherent P stocks lead to wide spread P deficiency (Gaume, 2000). Even where inorganic 
and organic P forms are abundant in soils, their concentration in the soil solution is in the 
micromolar range (0.1- 10 |iM P) (Frossard et al., 2000). These low levels of P are mainly 
due to high reactivity of soluble P with Fe and Al oxides in the acidic soils (Lindsay et al., 
1989). Therefore, substantial amounts of manufactured water soluble P (WSP) fertilizers 
such as superphosphate are commonly applied to correct P deficiencies. Most developing 
countries import these fertilizers, which are often in limited supply and represent a major 
outlay for resource - poor farmers. In addition, intensification of agricultural production 
necessitates the addition of P not only to increase crop production but also to improve soil P 
status in order to avoid further soil degradation. It is therefore, imperative to explore 
alternative P sources. In this context, the phosphate solubilizing microorganisms (PSM) 
provide an inexpensive and suitable alternative to chemical P fertilizers. Important genera of 
phosphate solubilizing bacteria are Bacillus and Pseudomonas while Aspergillus and 
Penicillium are the important PS fungi (Motsara et al., 1995). In contrast, there are only a 
few reports of P solubilization by nodule bacteria (Chabot et al., 1996). The organisms 
possessing PS ability can convert the insoluble phosphatic compounds into soluble forms 
(Pradhan and Sukla, 2005; Khan et al., 2007) in soil and make it available to crops (Fig 1). 
Many researchers have quantitatively investigated the ability of PSM to solubilize 
insoluble P in pure liquid culture medium (Zaidi, 1999; Maliha et al., 2004). The microbial 
solubilization of soil P in liquid medium has often been due to the excretion of organic acids 
(Table 3). For instance, oxalic acid, citric acid, lactic acid etc. in liquid culture filtrates were 
determined by paper chromatography or thin layer chromatography (TLC) or HPLC and 
certain enzymatic methods to allow more accurate identification of unknown organic acids 
(Maliha et al., 2004). In general, the PS fungi produce more acids and consequently exhibit 
greater PS activity than bacteria in both liquid and solid media (Venkateswarlu et al., 1984). 
Such organic acids can either directly dissolve the mineral P as a result of anion exchange of 
PO4 ' by acid anion or can chelate both Fe and Al ions associated with P (Omar, 1998). 
While, in certain cases, P solubilization is induced by P starvation (Gyaneshwar et al., 
1999). However, no definite correlation between the acids produced by PSM and amounts of 
P solubilized are reported (Asea et al., 1988). The role of organic acids produced by PSM in 
solubilizing insoluble P may be due to the lowering of pH, chelation of cations and by 
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competing with P for adsorption sites in soil (Nahas, 1996). Moreover, inorganic acids (e.g., 
HCl) can also solubilize P but they are less effective compared to the organic acids at the 
same pH (Kim et al., 1997). However, acidification does not seem to be the only mechanism 
of solubilization, as the ability to reduce pH in some cases did not correlate with the ability 
to solubilize mineral P (Subba Rao, 1982). The chelating ability of the organic acids is also 
important, as it has been shown that the addition of 0.05M EDTA to the medium has the 
same solubilizing effect as inoculation with Penicillium bilaji (Kucey, 1988). 
Table 3. A brief summary of production of principal organic acids by phosphate solubilizing microorganisms 
Organism Predominant acids References 
Phosphate solubilizing fungi and actinomycetes 
AspergillusJlavus, A. niger, Penicillium 
canescens 
A. niger 
Penicillium rugulosum 
Penicillium radicum 
Penicillium variable 
A. niger 
A. japonicus, A. foetidus 
A. niger, P. simplicissimum 
A. awamori, P. digitatum 
Penicillium sp. 
Scwaniomyces occidentalis 
Aspergillus sp., Penicillium sp., Chaetomium 
nigricoler 
Streptotnyces 
A.fumigatus, A. candidus 
Phosphate solubilizing bacteria 
Enterobacter intermedium 
Bacillus amyloliquefaciens, B. licheniformis, B. 
atrophaeus, Penibacillus macerans. Vibrio 
proteolyticus, xanthobacter agilis, Enterobacter 
aerogenes, E. taylorae, E. asburiae, Kluyvera 
cryocrescens, Pseudomonas aerogenes, 
Chryseomonas luteola 
Pseudomonas cepacia 
Bacillus polymyxa, B. licheniformis. Bacillus spp. 
Oxalic, citric, gluconic 
succinic 
Succinic 
Gluconic 
Gluconic 
Gluconic 
Citric, oxalic,gluconic 
Oxalic, citric gluconic 
succinic, tartaric 
Citric 
Succinic, citric, tartaric 
Oxalic, itaconic 
Succinic, fumaric, citric, 
tartaric, a-ketbutyric 
Oxalic, succinic, citric, 2-
ketogluconic 
Lactic, 2-ketogluconic 
Oxalic, tartaric, citric 
2-ketogluconic 
Lactic, itaconic, isovaleric, 
isobutyric, acetic 
Malihaetal., 2004 
Vazquez etal., 2000 
Reyes etal., 1999 
Whitelaw et a!., 1999 
Vassilev et al., 1996 
Illmeretal., 1995 
Singaletal., 1994 
Burgstaller et al., 1992 
Gaur, 1990 
Parks etal., 1990 
Gaur, 1990 
BanikandDey, 1983 
BanikandDey, 1982 
BanikandDey, 1982 
Hoon etal., 2003 
Vazquez et al., 2000 
Gluconic, 2-ketgluconic 
Oxalic, citric 
Bar-Yosef etal., 1999 
Gupta etal., 1994 
Nitrogen and P are the two major plant nutrients and combined inoculation of 
nitrogen fixers and PSM may benefit the plants better than when either group of organisms 
are used alone (Zaidi and Khan, 2004; Khan and Zaidi, 2007). The interaction studies 
between Pseudomonas striata, Bradyrhizobium sp. and Mesorhizobium ciceri under in 
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vitro and in vivo showed no antagonism between the tested organisms (Sarojini et al., 
1989), suggesting that these could be used as a mixed bio-inoculant for raising the 
productivity of crops (Zaidi, 1999). In this context, nitrogen fixers and PSM when 
inoculated together colonized the rhizosphere and enhanced the growth of legumes by 
providing it with N and P, respectively (Gull et al., 2004; Zaidi and Khan, 2007). The 
nitrogen fixing organisms not only provide N to the plants but also improve N status of 
soil, alone or in combination with PSM. Accordingly, the application of PS bacteria 
(Pseudomonas striata) and nodule bacteria gave significantly higher yield in greengram 
(Khan et al., 1997) and chickpea (Zaidi et al., 2003) than obtained by the use of Rhizohium 
alone. Furthermore, Rhizobium and PS fungi (Aspergillus awamori) when used as seed 
inoculant, increased the grain yield of chickpea under field conditions (Dudeja et al., 1981). 
Similarly, the effect of interactions between three PS fungi namely Aspergillus niger, A. 
fumigatus and Penicillium pinophilum and nitrogen fixing Rhizohium leguminosarum 
biovar viciae showed significantly greater positive effect on growth, nutrient uptake (N and 
P) and consequently the yield of Vicia faba under field conditions (Mehana and Wahid, 
2002). Combined inoculation effects of Rhizobium and phosphate solubilizing 
Pseudomonas striata or Bacillus polymyxa with or without added fertilizers on chickpea 
yield and nutrient content was studied under greenhouse conditions. Rhizobium inoculation 
alone increased nodulation and nitrogenase activity, whereas the PS organism increased the 
available P content of the soil. The combined inoculation increased nodulation, available P 
of soil as well as dry matter production, grain yield and P and N uptake by the plants. The 
inoculation effects, however, were more pronounced in the presence of added fertilizers 
(Algawadi and Gaur, 1988). In a pot experiment, lentil seeds were inoculated with 
Rhizobium leguminosarum along with increasing doses (50, 100, 200, 400 kg / feddan, 1 
feddan = 0.42ha) of RP with or without a 1: 1 mixture of elemental sulphur and RP in the 
presence or absence of PS bacteria. Dry matter accumulation in plants and N, P, Fe, Zn, 
Mn and Cu uptake increased with RP, S and PS bacteria compared with untreated control. 
Dry matter yield and nutrient uptake was slightly higher with S application (Saber and 
Kabesh, 1990). A combination of PGPR, Azotobacter chroococcum GA-1 and GA-3 with 
Penicillium HF-4 and HF-5 and Aspergillus GF-1 and GF-2 increased radicle and plumule 
length but the remaining culture combinations decreased radicle/plumule length. A 
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significant increase in mungbean yield and groundnut yield was observed with the 
inoculation of Rhizobium spp. and PS bacteria along with phosphatic fertilizers (Khan et 
al., 1997, 1998). Moreover, the microbes that are involved in P solubilization as well as 
better scavenging of soluble P can enhance plant growth by improving the efficiency of 
BNF, accelerating the availability of other trace elements and by production of 
phytohormones and antimicrobial compounds (Fig. 1). Accordingly, increase in yield of 
various legumes have been observed following seed or soil inoculation with N2 fixing 
organisms and PSM (Perveen et al., 2002; Zaidi and Khan, 2007) or PSM (s) and other 
PGPR (Mukherjee and Rai, 2000; Zaidi and Khan, 2007). It has further been suggested that 
about 50% of phosphatic fertilizer requirement could be saved by the combined inoculation 
of Rhizobium strain Tt 9 with Bacillus megaterium var. phosphaticum in groundnut. 
Rhizobium strain Tt 9 along with phosphobacteria at 75% phosphate level showed higher 
nodule number; root length, shoots length and increased pod yield than the dual inoculation 
at 100% phosphorus level in groundnut (Natarajan and Subramanian, 1995). However, no 
significant increase in P contents in pigeonpea plant inoculated with Rhizobium (CCI) and 
Bacillus megaterium var. phosphaticum was observed (Gunasekaran and Pandiyarajan, 
1995). Similarly, about 37% increase in the grain yield of blackgram was reported 
following the inoculation of Rhizobium and Bacillus megaterium (Prabakaran et al.. 1996). 
2.1.6 Antibiotic and HCN production by plant growth promoting rhizobacteria 
One of the most effective mechanisms through which PGPR prevent proliferation of 
phytopathogens is the synthesis of antibiotics. Application of microbial antagonists against 
plant pathogens in the agronomic practices provide an alternative to chemical pesticides. In 
this context, fluorescent Pseudomonas and Bacillus species plays an active role in the 
suppression of phytopathogenic organisms by synthesizing extracellularly metabolites that 
inhibit the growth even at a very low concentration. These antibiotics may be antitumour, 
antiviral, antimicrobial, antihelmenthic and cytotoxic (Fernando et al., 2005). The antibiotics 
can also contribute to microbial competitiveness besides their role in suppressing the growth 
of plant root pathogens. The PGPR strains that produce these compounds are therefore, of 
considerable interest as a biological control agent (Thomshow et al., 2003). Several 
antimicrobial compounds belonging to polypeptides, heterocyclic nitrogenous compounds 
and lipopeptides groups active against phytopathogens have been reported (Thomshaw and 
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Webler, 1995). In addition to direct antipathogenic activity, they also trigers induced 
systemic resistance (ISR) in plant system. Though, antibiotics play a pivotal role in disease 
management, yet their role in biocontrol is questioned due to constraints of antibiotic 
production under natural conditions. Reports on PGPR- mediated ISR against insects are 
restricted to very few crops. Induction of systemic resistance by PGPR strains, viz., P. 
putida strain 89B-27, S. marcescens strain 90-166, Flavomonas oryzihahitans strain lNR-5 
and Bacillus pumilus strain INR-7 have significantly reduced populations of the striped 
cucumber (Zehnder et al., 1997). Cyanide is yet another secondry metabolite produced by 
several PGPR with glycine and cyanogenic glycoside, both of which have been 
demonstrated in root exudates (Curl and Truelove, 1985). It is produced by many 
rhizobacteria and plays a significant role in the suppression of phytopathogens (Defago et 
al., 1990). 
2.2 Heavy metal Pollution 
2.2.1 Soil contamination sources 
Heavy metals are defined as that group of elements that have specific weights of higher than 
5 g/cm (HoUeman and Wiberg, 1985). As a consequence of the industrial revolution, there 
is an enormous and increasing demand for heavy metals that leads to high anthropogenic 
emission of metals into the biosphere (Ayres, 1992). Pollution of the biosphere by toxic 
metals such as lead, arsenic, cadmium, copper, zinc, nickel, and mercury has accelerated 
dramatically in recent times. The primary source of this pollution includes the industrial 
operations such as smelting, mining, metal forging, manufacturing of alkaline storage 
batteries, combustion of fossil fuel and sewage sludge as well as anthropogenic sources. 
Moreover, the agricultural activities such as agrochemicals usage, and long term application 
of sewage in agronomic practices also adds a significant amount of heavy metals to soils 
(Giller et al., 1989; McGrath et al., 1995). The metals and metalloids released from these 
sources accumulate in soils and in turn adversely affect the agro-ecosystem (McUveen and 
Negusanti, 1994). All heavy metals occur to a varying extent within all components of the 
environment. Co-existence and persistence of heavy metals in soils as multiple contaminants 
and exposure of humans to heavy metals (either as contaminated foods or drinking water) 
can lead to their accumulation in humans, plants and animals. In some cases, the soil may be 
contaminated to such an extent that it may be classified as a hazardous waste. Contamination 
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of agronomic soils with metals (both single element and mixture of metals) has thus become 
a global threat to the sustainability of the crops and therefore, is receiving considerable 
attention from the environmentalists, particularly in developing countries. The remediation 
of such soils is therefore, urgently required in order to protect the microbial diversity and 
fertility of soils and consequently to improve the crop productivity. 
2.2.2 Metal availability 
Generally, heavy metals have been catagorised as bioavailable and non-bioavailable metals 
(Sposito, 2000). The bioavailable and non- available forms include precipitated, sorbed or 
non mobile metals. In nature, metals and metalloids exist mostly as cations, oxyanions or 
both in aqueous solution and mostly as salts or oxides in crystalline (mineral) form or as 
amorphous precipitates in soluble form (Roane and Pepper, 2000). The mobility of metals as 
hydrated ionic salts is dependent on two factors- (i) the metallic element that precipitates as 
positively charged ions (cations) and (ii) the one, which makes up negatively charged 
component of salt. Geochemical forms of heavy metals in soil affect their solubility, which 
in turn directly influence their bioavailability (Xian, 1989). The mobility and bioavailability 
of certain metals in soils is usually in the order of: Zn > Cu > Cd > Ni (Lena and Rao, 1997). 
The fates of toxic metals in soils depend primarily on the initial chemical form of the metal. 
However, the environmental and edaphic conditions such as pH, redox status and soil 
organic matter content also significantly affect the mobility of metals in soils (Krishnamurti, 
2000). At low soil pH, the metal bioavailability increases due to its free ionic species while 
at high soil pH it decreases due to insoluble metal mineral phosphate and carbonate 
formation. 
2.2.3 Metal toxicity to plant growth promotging rhizobactweria and microbial process 
Microbes exist in complex biogeochemical matrices in subsurface sediments and soils. The 
toxicity of heavy metals to soil microorganisms including PGPR depends on their 
bioavailability. Although heavy metal bioavailability is mainly dependent on the soil 
properties, bacteria can also directly influence the solubility of heavy metals by altering their 
chemical properties. Recently, there has been increasing concern with heavy metal 
contamination, not only because of their toxicity to animals, plants and microorganisms, but 
also because they become irreversibly immobilised in soil components (McGrath and Lane, 
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1989). Though, some metals (such as, Zn, Cu, Ni and Cr) is essential or beneficial 
micronutrients for plants, animals and microorganisms (Olson et al , 2001), others (e.g., Cd, 
Hg and Pb) have no known biological and/or physiological functions (Gadd, 1992). 
However, the higher concentration of these metals has greater effects on the microbial 
communities in soils in several ways- (i) it may lead to a reduction of total microbial 
biomass (Giller et al , 1998) (ii) it decreases numbers of specific populations (Chaudri et al., 
1993) or (iii) it may change the microbial community structure (Gray and Smith, 2005). 
Also, the increased concentrations of toxic metals may lead to lossess in soil fertility and 
consequently the yields of plants (Van Assche and Clijsters, 1990). Several studies have 
shown that metals adversely influence growth, morphology and activities of microorganisms 
(Khan and Scullion, 2002), including symbiotic N2 fixation (Broos et al., 2005). These 
metals exert a selective pressure on the organisms, resulting in microbial populations with 
higher tolerance to metals, but with lower diversity (Baath et al., 1998). Heavy metals 
adversely affect the microbial population by inhibiting the various metabolic processes, as 
shown in Fig. 2. 
Protein denaturation 
(Hg, Pb and Cd) 
Inhibition of cell division 
(Pb, Cd, Hg and Ni) 
Microorganisms 
Cell membrane disruption 
(Hg, Pb, Zn, Ni, Cu and Cd) 
Inhibition of enzyme activity 
(Hg, Pb, Zn, Ni, Cu and Cd) 
Transcription inhibition (Hg) 
J. DNA 
DNA damage 
(Hg, Pb, Cd and As) 
mRNA ^ Protein synthesis i Transcription inhibition 
(Hg, Pb and Cd) 
Fig. 2. Heavy metal effect on various metabolic processes 
2.2.4 Heavy metals and nitrogen fixing bacteria 
Considering the importance of legumes in animal and human consumption and their use in 
maintaining soil fertility, some attention has been given to the effects that heavy metals exert 
on Rhizobium-\Qgume symbiosis. The greatest quantities of N2 contributed to legumes are 
provided by the symbiotic N2-fixing bacteria while non-leguminous Na-fixing symbiosis 
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also plays an important role in maintaining soil fertility. The clover (Trifolium repens L.) 
sown on the plots previously treated with sewage sludge has shown stunted growth and 
becomes chlorotic whilst the clover grown on uncontaminated control plots was healthy and 
dark-green (McGrath, 1994). Examination of clover root systems excavated from the field 
revealed that roots of clover grown on the control plots had normal, large (> 3 mm), pink 
nodules whereas clover roots from the contaminated plots were covered in small, white 
nodules; a nodulation pattern typical of that found when a legume posses an effective 
Rhizohium strain. Clover when grown on the contaminated plots yielded upto 60% less dry 
matter than the clover grown on the uncontaminated soils (McGrath, 1994). In recent times, 
the toxicity of heavy metals to nitrogen fixing rhizobia and the process mediated by them 
has been the subject of intense research. Changes in rhizobial populations due to high 
concentration of heavy metals as well as effects of heavy metals on legume plants have been 
documented (Ibekwe et al., 1996; Broos et al., 2005). In a study, growth and plant growth 
promoting activities of rhizobia were altered because of high concentration of metals (Broos 
et al., 2004). 
A study was conducted by Smith, (1997) in soils treated with sewage sludge that 
principally contained Cu and Zn and a small concentrations of Cd in order to evaluate the 
performance and survival of effective Rhizohium leguminosarum biovar trifolii using a plant 
infection assay for nodulation with white clover. Of these metals, Cu and Zn potentially 
reduced the symbiotic N2-fixation in sludge-treated soils. Furthermore, soil samples 
contaminated with Cu and Zn from past applications of pig slurry, were also assessed to 
evaluate their toxicity to other rhizobia. Intrestingly, the strain of Rhizohium were present in 
all the soils and supported the host plant, irrespective of metal concentrations in soil which 
increased to 300 mg Cu/kg and 2000 mg Zn/kg. In contrast, several soil samples with no 
indigenous host plant failed to nodulate white clover in the infection test but the statistical 
analysis indicated that this was not associated generally with increased metal concentrations 
in soil or with greater metal 'availability' measured by soil solution analysis and metal 
uptake by five-leaf-stage barley plants. However, there was some limited evidence 
implicating Zn in the absence of nodulation at one of the sludge-amended sites examined. 
In a study, only a single strain of Rhizohium leguminosarum survived in the metal 
contaminated plots and this strain failed to fix N2 with white clover although it fixed N2 with 
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TrifoUum subterraneum (Hirsch et al., 1993). Further studies on sludge field trials in 
Braunschweig showed that increasing sludge rates reduced the number of indigenous 
populations of R. leguminosarum bv. trifolii to low, or undetectable levels (Chaudri et al., 
1993). Adverse effect of sludge application on rhizobial species and concomitant effect on 
N2 fixation in faba bean (Chaudri et al., 2000) and chickpea (Yadav and Shukla, 1983) have 
been reported. There is evidence that suggests that the reduction in plant growth and nodule 
size, and nitrogenase activity in white clover were due to Cd, Pb and Zn, when plants were 
grown in soils highly contaminated with these metals (Rother et al., 1983). In a similar 
study, a pronounced metal toxicity on white clover was confirmed in a sludge treated soil 
where N2 fixation was halved by increasing metal concentrafions in soil (Broos et al., 2005). 
The effect of total metal concentrations on survival of R. legumnosarum however, did not 
occur in soils contaminated with Cd salts or with high Ni/ Cd sewage sludge. Similarly, the 
sewage sludge having higher concentration of Zn adversely affected the survival of R. 
leguminosarum bv. trifolii (Broos et al., 2005). The response of a lux biosensor based on R. 
leguminosarum bv. trifolii (rhizotox-C), was compared with more traditional techniques for 
measuring the presence of effective strains of Rhizobium and nitrogen fixation. Although 
population size, nitrogen fixation and biosensor response varied between treatments. In this 
type of uncontrolled field application, the lux bioassay may provide the most useful 
information as it measures toxicity to any microorganism exposed to the soil solution 
(Horswell et al., 2003). Recently, the Rhizobiume-legume symbiotic interaction has been 
proposed as an interesting tool in bioremediation. However, little is known about the effect 
of most common contaminants on this process. The phytotoxic effects of arsenic on 
nodulation of Medicago sativa have been examined in vitro using the highly arsenic resistant 
and symbiotically effective Sinorhizobium sp. strain MAI 1. The bacteria were able to grow 
on plates containing As concentrations as high as 10 mM. Nevertheless, as little as 25-35 
mM As produced a 75% decrease in the total number of nodules, due to a 90% reduction in 
the number of rhizobial infections. This effect was associated to root hair damage and a 
shorter infective root zone. However, once nodulation was established, nodule development 
seemed to continue normally, although earlier senescence could be observed in nodules of 
As-grown plants (Pajuelo et al., 2007). 
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2.2.5 Toxicity of heavy metals to plants 
Plants respond differently to the presence of heavy metals in the soil. Some plants exclude 
metals completely by preventing the entry of metals into their systems, while some are metal 
indicators, which accumulate metals in their organs. The toxicity of heavy metals varies with 
the genotypes and age and developmental stages of plants (Shaw and Rout, 1998, 2002) and 
depends primarily on the physico-chemical properties of the soil, root exudates and 
concentration of metals in the soils. Moreover, differences in solubility, absorbability, 
transport and chemical reactivity of these metals also lead to variation in toxicity to plants 
(Stohs and Bagchi, 1995). The elevated concentrations of heavy metals in agromonic soils, 
however, adversely affect the different metabolic activities of plants; leading thereby to a 
decrease in over all growth of plants. Toxicity may result from the binding of metals to 
sulphydryl groups of proteins, leading to an inhibition of activity or disruption of protein 
structure (Das et al., 1997) or enzyme activity (Tyler et al., 1989). In addition, the elevated 
concentrations of metals may stimulate the formation of free radicals and reactive oxygen 
species (Fomazier et al., 2002). 
2.2.5.1 Metal uptake, translocation and accumulation 
The first interaction of heavy metals with a plant occurs during its uptake process. The 
degree to which higher plants can take up metal depends on its concentration in the soil and 
its bioavailability. The uptake of metals by the plant roots depends on- (i) diffusion of 
elements along the concentration gradient (ii) root interception, where soil volume is 
displaced by root volume due to root growth and (iii) mass flow, transport from bulk soil 
solution along the water potential gradient. Some metals in plants can be absorbed by the 
apical region, while others are taken up by the entire root surface. Thereafter, metal is 
transported further into the cells, some to the apoplast, and some are bound to cell wall 
substances. From apoplast, metals further migrate through the plasma membrane into the 
cytoplasm where metal affects the nutrient status of the plants. For instance, the toxic effects 
of chromium are due to its speciation, which determines its uptake, translocation and 
accumulation (Fig 3). Uptake and accumulation of chromium by various crops are well 
documented (Peralta et al., 2001; Shanker et al., 2003). When uptake by the root is high and 
the nutrient concentration in the soil is low, element uptake is limited by diffusion. Since 
there are some essential metals, at least the uptake of these ought to be regulated. Zinc is 
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transported with Zn transporters, with a higher abundance in Zn accumulator species than in 
non-accumulator speicies (Lasat et al., 2000). Zinc is also known to be actively transported 
as a free ion across the tonoplast. Other metals (e.g. cadmium) easily enters the root through 
the cortical tissue and is translocated to the above ground tissues (Yang et al., 1998). As 
soon as Cd enters the roots, it can reach the xylem through an apoplastic or symplastic 
pathway (Salt et al., 1995a), complexed by several ligands, such as organic acids and/or 
phytochelatins (Salt et al., 1995b). Normally, cadmium ions are retained in the roots and 
only a very small amounts are transported to the shoots. Metal ions are probably taken up 
into cells by membrane transport proteins designed for acquisition of nutrient metals. In a 
study, Cd and Zn have been found to co-exist in aerial parts of Arabidopsis halleri (Bert et 
al., 2003) plants suggesting that Cd and Zn uptake are genetically correlated and that these 
metals are taken up by the same transporters or that their transporters, when different are 
controlled by common regulators. 
2.2.5.2 Germination and dry matter production 
Seed germination is the first physiological process affected by heavy metals and the ability 
of a seed to germinate in a medium containing heavy metals would be indicative of its level 
of tolerance to metals (Peralta et al., 2001; Shanker et al., 2005). In this context, a high level 
of hexavalent chromium (500 ppm) when applied to soil, reduced germination by 48% of 
bush bean {Phaseolus vulgaris) while 40 ppm of Cr (VI) reduced the germination of lucerne 
(Medicago sativa cv. alone) by 23% (Peralta et al., 2001). The reduction in germination 
under heavy metals stress could be due to the depressive effect of these metals on the 
metabolic activity of roots and on the subsequent transport of sugars to the embryos. Also, 
protease activity is reported to be increased following metal treatment, which could 
contribute to the reduction in germination of metal-treated seeds (Zeid, 2001). In a similar 
study, the germination of chickpea seeds was adversely affected by nickel (200 ppm) and 
cobalt (400 ppm) (Khan et al., 1996). 
The toxicity of various metals to legume plants or their symbiotic partners (rhizobia) 
varies widely and often compound with the greatest heavy metal activities are the most 
damaging to both and legumes and nodule bacteria (Broos et al., 2005). Heavy metals, 
therefore, affect both the viability of rhizobia (Chaudri et al., 2000) and the mechanisms 
involved in rhizobia- legume symbiosis (Oilier et al., 1998). The lower rates of metals when 
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Fig 3. Hypothetical model of chromium transport and toxicity in plant roots (Shanker et al., 2003) 
used either singly or in combination, in general, did not affect the growth and dry biomass 
possibly due to the release of organic acid along the root exudates or pH changes of 
rhizosphere, which regulate the uptake of metals and the metals involved (Jackson et al, 
1990; Prasad, 1999). However, when metal concentrations become too high, the plant 
barrier looses its function, probably due to the toxic action of metals, and the uptake 
massively increase. Further, the growth retardation may be due to loss of cellular turgor 
resulting in decreased mitotic activities or inhibition of cell elongation (Prasad, 1999). For 
instance, though zinc is a plant nutrient at low levels, at higher concentrations found in 
contaminated soils zinc ions can be highly phytotoxic (Rout and Das, 2003). In a study, 7.5 
mM of zinc extensively damaged the root cortical cells, caused major changes in the nucleus 
of the root tip cells and consequently, completely inhibited the elongation of pigeonpea (cv. 
ICPL 87) roots (Stresty and Madhava Rao, 1999). Similarly, the adverse effects of metals on 
plant height and shoot growth of legumes are reported (Chaudri et al., 2000). For example, 
the shoot length of soybeans was decreased by 12, 15 and 9%, for nickel, cadmium and 
chromium, respectively (Gupta et al, 2002) while a 30 and 19% decline in greengram by 
cadmium and lead is reported (Gupta et al., 2005). Similar reduction in root and shoot 
growth of pea genotypes, azuki bean (Vigna angularis) and pea under cadmium (Bisessar et 
al., 1983), greengram under varying levels of chromate (Samantaray et a l , 1999), chickpea 
and greengram under different metals and cowpea {Vigna unguiculatd) under copper stress 
(Kopittke and Menzies, 2006) is reported. The reduction in the growth roots of following 
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heavy metal applications could be due to the inhibition of root cell division/root elongation 
or due to the extension of cell cycle of the roots. Further, under high metal concentrations, 
the reduction in root growth could also be due to the direct contact of seedlings roots with 
metal causing a collapse and subsequent inability of the roots to absorb water from the 
growth environment. 
Toxic effects of heavy metals on extensiveness and proliferation of roots and their 
subsequent effects on shoot growth lead to a suppression of dry matter production. For 
example, the effects of heavy metal toxicity on dry matter yield of field pea and fodder vetch 
{Vicia sp.) in contaminated soil is reported (Wang et al., 2002). Similarly, Gupta et al., 
(2005), found a decline of 14 (cadmium) and 20% (lead) in root length of mung bean crop. 
The root elongation of pigeonpea {Cqjanus cajan cv. ICPL 87) was completely inhibited 
after 24 h treatment with 7.5 mM Zn. They also reported that root cortical cells were 
extremely damaged and major changes took place in the nucleus of the root tip cells treated 
with 7.5 mM zinc (Stresty and Madhava Rao, 1999). Moreover, when two metals are used in 
combination, the phytotoxicity could either increase (synergistic/additive effect) or decrease 
(antagonistic effect). The lesser toxicity following combined metal application could be due 
to the antagonistic effect of one metal. For example, zinc and cadmium have many physical 
and chemical similarities as they both belong to group II of the periodic Table. They are 
usually found together in the ores and compete with each other for various ligands. Thus, 
interaction between zinc and cadmium in the biological system is likely to be similar. The 
fact that Cd is a toxic heavy metal and zinc is an essential element which makes this 
association interesting as it raises the possibility that the toxic effects of cadmium may be 
preventable or tolerable by zinc. 
2.2.5.3 Metals affecting symbiotic traits 
The formation of nodules on the root systems of legume plants through their host specific 
rhizobial partners is an important aspect of legume-/?/j{zo6/um symbiosis for making N 
available to legumes. The proper development and function of nodules and N2 fixation 
however, appears to be hindered by the metal application (Zahran, 1999). There are several 
possibilities as to why these effects are seen- (a) one or more of the metals present might 
have prevented the formation of effectively N2 fixing nodules by effective Rhizobium strains 
present in the soil (Giller et al., 1993) or (b) the metal application might have resulted in the 
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elimination of effective Rhizobium strains from the soil (Broos et al., 2004) and as a result, 
indirectly affected the nitrogen fixation (Chaudri et al., 2000). Giller et al., (1998) also 
concluded that clover rhizobia are far more sensitive to the toxic effects of heavy metals 
than are their host plant. The toxic effect of heavy metals on nitrogen fixation is, according 
to Giller et al., (1998), clearly due to the toxicity to rhizobia in the soil, which results in their 
gradual extinction. Further, the reduction in nodulation following metal application may be 
due to damage to root hairs and some effects associated with plant inducer and Rhizobium 
(Ibekwe et al., 1996; Katanda et al., 2007) or nodule structure. The damaged root system as 
a result of metal toxicity is supposed to be the reason for the lack of proper nodule 
formation. Apparently, normal bacteroids in these studies were found densely packed in 
central cells of the nodule, which was surrounded by an intact peribacteroid membrane and 
infection thread could be seen clearly in the meristematic region of the nodules. The 
symbiosis therefore, must fail to be effective due to incompatibility at a later stage of the 
process of infection and nodule development after bacteroid formation. In other study, the 
cadmium had greatest toxic effect on the nodulation when it was added to the soil either 
alone or in multiple metal combinations. Moreover, it is believed that metals not only 
decrease the size of the Rhizobium population but also the genetic diversity including the 
spontaneous loss of symbiotic plasmids (Cassella et al., 1988), which would result in the 
loss of the ability of rhizobia to nodulate legumes, as the genes necessary for nodulation are 
present on this plasmid. In this context, the strains of rhizobia that survived in heavy metal 
contaminated soils had the least number of plasmid types and the increased number of 
plasmid bands per isolate (Lazkian et al., 2002). Hence, it appeared that plasmids were 
involved in metal tolerance of rhizobia but the function of these plasmids is, however, 
unclear. Similar evidence of toxicity of metals on nodulation in other legumes are reported 
(Chaudri et al., 1993; Katanda et al., 2007). Furthermore, an indicator of nodule activity is 
the presence of leghemoglobin (LHb), an iron containing protein similar to human 
hemoglobin, which binds to O2. The LHb facilitates the O2 diffusion throughout the interior 
of the nodule, while bacteroids require O2 to maintain metabolic function and thus LHb 
affect the entire system of N2 fixation. It has been reported that metals adversely affect the 
synthesis of LHb, and reduce the nitrogenase activity as well (Skujins et al., 1986; Chaudri 
et al., 2000). 
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2.2.5.4 Seed Yield 
Legumes when grown in soils contaminated with heavy metals have been shown to be 
adversely affected in terms of grain yield as well. However, there are conflicting reports on 
the effect of metals on grain production in legumes. For instance, the increase in grain yield 
in chickpea, pigeonpea, summer moong and lentil following waste water irrigation, having 
chromium, copper, nickel, lead and zinc, have been reported (Aziz et al., 1996). However, 
this finding carmot be compared with other results because the refinery waste water used for 
irrigation purpose for these legume crops had the essential nutrients (g/1): N 2.63; P 0.59; S 
89; Ca 43.15; K 9; Mg 58.62, chlorides 127.4 and some of the micronutrients, that might 
have contributed to increase in growth of these legumes and consequently the grain yields. 
Increase in grain yield following application of certain metals (chromium and lead) could be 
due to the tolerance of these metals by rhizobial strain or due to the reduction of chromium 
by the rhizobial strain (Rajkumar et al., 2005) or the development of rhizobia resistant to 
these metals (Purchase and Miles, 2001). Furthermore, the mixtures of metals are reported to 
have additive and possibly even multiplicative effects. Generally, the composite application 
of heavy metals have shown a strong effect on growth, nodulation and seed yield of 
legumes and have been found far more superior than the single metal application suggesting 
synergism beyond simple additive effects. In this context, various interactions can occur 
when plants are exposed to unfavorable concentration of more than one heavy metals. Such 
combinations could some time exhibit additive, synergistic or antagonistic effect. The 
antagonistic relationship between metals may result from the competition between the 
metals for common sites on the surface of the cell with more efficient competitors 
preventing the uptake of other metal. In literature, both synergistic and antagonistic effects 
of metals and their consequent effect on grain yield of legumes have been reported (Chaoui 
et al., 1997). The reduction in seed yield following heavy metal application has in general 
been attributed to the effects of metals on the proliferation of roots and shoots (Ibekwe et al., 
1996). The reduction in roots and shoots then lead to the suppressive effect on dry matter 
production and consequently the seed yield (Bisessar et al., 1983; Aziz et al., 1996). 
Moreover, the heavy metals are known to affect not only the quantity of grains of various 
legumes, but they are also known to adversely affect the quality (protein) of seeds. 
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2.2.5.5 Heavy metals and physiological processes 
2.2.5.5.1 Cell wall and plasma membrane 
Roots of the various plants including legumes are the first organ that is directly exposed to 
the metals in soils and hence, is the target of toxicity or provide tolerance to plants. The 
interaction of the metals with the cell wall has been reported (Ernst et al , 1990) but the 
binding properties and its role in the mechanism of metal tolerance have been controversial 
(Verkleij and Schat., 1990). Most of the cell wall-associated heavy metals bind to 
polygalacturonic acids, to which the affinity of metal ions vary considerably (Ernst et al., 
1992). Though, a variety of metal detoxification mechanisms exist in plants, often the 
plasma membrane is the target (Chaoui et al., 1997). The metal induce changes in membrane 
lipids both qualitatively and quantitatively in turn alter not only the membrane structure and 
function, but also the other cellular processes (Fig. 4 ). Some of these changes, however, 
provide protection to the plants against the toxicity of heavy metals. Such toxicity could 
result from various mechanisms including the oxidation and cross-linking of protein thiols, 
inhibition of key membrane proteins such as H^-ATPase, or changes in the composition and 
fluidity of membrane lipids (Mehrag, 1993). Among these, ATPase plays a significant role 
in the adaptation of plants to heavy-metal conditions (Dietz et al., 2001). Among different 
metals affecting plasma membrane, toxic effect of chromium on the transport activities of 
plasma membrane was suggested by Zaccheo et al., (1982). The inhibition of ATPase 
activity is suggested to be due to the disruption of the membrane by free radical generated 
under metal stress. The decrease in ATPase activity in turn causes a decrease in proton 
extrusion which leads to a decrease in the transport activities of the root plasma membrane 
leading thereby to a reduction in the uptake of nutrient elements. Moreover, it is also likely 
that chromium may interfere with the mechanism controlling the intracellular pH; this 
possibility is supported by the fact that chromium could be reduced in the cells thereby 
utilizing the protons (Zaccheo et al., 1985). Generally, the chromium stress can induce the 
following metabolic modification in plants- (i) alteration in the production of pigments (e.g., 
chlorophyll) (ii) increased producfion of metabolites (e.g., glutathione, ascorbic acid) as a 
direct response to metal stress which may cause damage to the plants. Among the other 
metals, cadmium and copper have been found to adversely affect the lipid composition of 
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membranes (Quartacci et al., 2001). Moreover, cadmium treatment has also been shown to 
reduce ATPase activity of the plasma membrane fraction of roots (Fodor et al., 1995). 
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Fig 4. Heavy metal induced membrane changes play a major role in plant growth 
2.2.5.5.2 Lipid peroxidation 
In addition to the metal induced changes in fatty acid composition of membranes, membrane 
injury is also related often to an increased per-oxidation of membrane lipids, due to the 
action of highly toxic free radicals. Several metal ions cause peroxidation of lipids of both 
the plasma membrane and chloroplast membrane (Hernandez and Cooke, 1997). As a result 
of this activity, the amount of reactive oxygen species (ROS) increases. Among metals, 
increased lipid peroxidation has been observed with cadmium, aluminum, copper and zinc 
(Chaoui et al., 1997), nickel and chromium (Bagchi et al., 2001) and arsenate (Hartley-
Whitaker et al., 2001a). In general, the iron and copper compounds generates more free 
radicals and increases the peroxidation (Price and Hendry, 1991). Thus, membrane 
dysfunction induced by metals could be due to changes in the membrane structure and 
peroxidation of membrane lipids (Cakmak and Horst, 1991). For instance, Al causes lipid 
peroxidation by disorganizing the membrane structure while Al and Cu ions initiate the 
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peroxidation reaction by generating free radicals (Weckx and Clijsters, 1996). The increased 
lipid peroxidation is therefore, considered as an indicator of increased oxidative stress. 
Besides their role in altering the structure of membrane, the increased lipid peroxidation also 
changes membrane properties, such as fluidity and permeability and modulates the activities 
of membrane-bound ATPases (Shewfelt and Erickson, 1991). Generally, peroxidation of 
membrane lipids is a chain reaction in which unsaturated fatty acids are converted stepwise 
into various small hydrocarbon fragments, such as malondialdehyde (Kappus, 1985). The 
lipid peroxidation processes and the resulting substances in turn severely affect the 
functioning of the plasma membrane and finally lead to the death of the cells (Kappus, 
1985). 
2.2.5.5.3 Photosynthesis 
When taken up by the plants, heavy metals can resuh in a wide variety of toxic effects 
including the effect on photosynthetic apparatus. It is generally believed that the toxic 
metals react with the photosynthetic apparatus at various levels of organization and 
architecture leading to (i) accumulation of metals in leaves (ii) metal interaction with 
cytosolic enzymes and organics (iii) alteration of the functions of chloroplast membrane and 
partitioning in leaf tissues like stomata, mesophyll and bundle sheath (iv) supra molecular 
level action particularly on photosystem I, photosystem II, membrane acyl liquids and 
carrier proteins in vascular tissues and (v) molecular level interactions, particularly with 
photosynthetic carbon reduction (PCR) cycle enzymes, xanthophylls cycle and adenylates 
(Prasad, 1999). The elevated concentration of metals are reported to significantly affect the 
photosynthetic pigments (Zeid, 2001; Bibi and Hussain, 2005) and the photosynthetic 
process, like those involved in the reduction of carbon, when legumes are grown in heavy 
metal contaminated soils. Similarly, excess concentrations of copper modified the 
ultrastructure of chloroplast in runner beans (Phaseolus coccineus L.) (Maksymiec et al., 
1995) while reduction in phytosynthetic pigments (chlorophyll) following metal application 
in various legumes is reported (Mysliwa-Kurdziel and Stratka, 2002a). The decrease in the 
chlorophyll a/b ratio (Shanker, 2003) following chromium application has been suggested 
due to the destabilization and degradation of the proteins of the peripheral part. The 
inactivation of enzymes involved in the chlorophyll biosynthetic pathway could thus 
contribute to the general reduction in chlorophyll content in most plants including legumes 
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under heavy metal stress. However, the majority of reports on the impact of heavy metals on 
photosystem II activity have been observed for Cd^^ and Cu ,^ whereas Cd ^ affects both the 
PS II reaction center and the light harvesting complex (LHC) and cause an inefficient energy 
transfer from the LHC to the reaction center. Generally, enzymes of the PCR cycle are 
inhibited under heavy metal stress and the key steps of the Calvin cycle- (i) carboxylation, 
(ii) reduction and (iii) regeneration, have been found to be affected by heavy metals, the first 
step being the most sensitive one. Among the metals, cadmium exerts its toxicity through 
membrane damage and inactivation of enzymes, possibly through reaction with sulfhydryl 
9+ 9-1- 9-1- 9-1-
groups of proteins (Fuhrer, 1988) as reported for Pb , Cd , Zn and Cu (Van Assche and 
Clijsters, 1990). In some cases, heavy metal toxicity is however, reflected by an increase in 
the activity of these enzymes; for instance, malic enzyme, glucose-6-phosphate 
dehydrogenase and peroxidase in a leaf Cadmium has been the most intensively studied 
inhibitor of dark reactions of photosynthesis (Krupa, 1999). It was shown in isolated 
protoplasts treated with Cd^^  that the main target of this metal action was the reactions of the 
Calvin cycle and that activation of rubisco was not affected (Weigel, 1985a). In contrast, 
Sheoran et al., (1990a) showed significant reduction of rubisco activity of pigeon pea 
{Cajanus cajan L.) plants, treated with Cd^^ at an early growth stage. However, in older 
plants, the activity of rubisco was not affected. They concluded that the reduction in 
photosynthesis was due to decrease in chlorophyll content, effects on stomatal conductance 
and the electron transport system. In other in vitro study, Cd ^ treatment changed the 
structure of rubisco and resulted in dissociation of its small subunits (Stiborova, 1988). 
2.3 Remediation of Heavy Metal contaminated sites 
2.3.1 Mechanisms of heavy metal resistance in plant growth promoting 
rhizobacteria 
Microorganisms have developed several efficient mechanisms, which can immobilize, 
mobilize or transform heavy metals rendering them inactive. These mechanisms can be 
grouped into five categories: (i) extracellular precipitation, (ii) intracellular accumulation, 
(iii) oxidation and reduction reactions, (iv) methylation and demethylation, and (v) 
extracellular binding and complexation (Kao et al., 2006; Umrania, 2006; De et al., 2008). 
Almost all known bacterial resistance mechanisms are encoded on plasmids and transposons 
and it is probably by gene transfer or spontaneous mutation that bacteria acquire their 
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resistance to heavy metals. For example, in Gram-negative bacteria (e.g. Ralstonia 
eutropha), the czc system is responsible for the resistance to Cd, Zn and Co. The czc-genes 
encode for a cation-proton antiporter (CzcABC), which exports Cd, Zn and Co. A similar 
mechanism, called ncc system, has been found in Alcaligenes xylosoxidans which is 
resistant to Ni, Cd and Co. On the contrary, the Cd resistance mechanism in Gram-positive 
bacteria (e.g. Staphylococcus, Bacillus or Listeria) is through Cd-efflux ATPase. The two 
most well studied Cu resistance systems are cop observed in Pseudomonas syringae pv. 
tomato and pco in Escherichia coli. The cop genes encode for different Cu-binding proteins, 
which allow the sequestration of Cu in the periplasm or in the outer membrane. In contrast, 
the pco system is expected to be an ion-dependent Cu antiporter (Kunito et al., 1997). The 
bacterial resistance properties can be used for different purposes. For example, in the case of 
mercury pollution, the insertion of the microbial mercury reductase in a transgenic plant 
improved significantly the phytoextraction process (Heaton et al., 1998). Another example 
was the inoculation of heavy metal resistant bacteria in a contaminated soil that seemed to 
protect the indigenous sensitive ammonia-oxidising bacteria from metal toxicity (Stephen et 
al., 1999). Bacteria also possess the property of resistance to certain other metals. For 
instance, applying Cu resistant bacteria in the environment can reduce Cu toxicity. In this 
regard, Lin and Olson, (1995) isolated bacteria from a water distribution system having the 
ability of Cu corrosion. Of these, 62% were found to be Cu resistant. Of these resistant 
bacteria, 49% had cop or cop-like gene systems, including both compartmentalization and 
efflux systems (Cooksey, 1993). However, in other Gram negative bacteria, resistance to Cu 
is based on an efflux mechanism, by which Cu is removed from the cell. The efflux proteins 
are expressed by plasmid-bound pco genes, which in turn are dependent on the expression of 
chromosomal cut genes (Cooksey, 1993). Two cut genes {cut C and cut F) were identified 
(Gupta et al., 1995) and have been shown to encode a Cu-binding protein and an outer 
membrane lipoprotein. Moreover, the act P gene controlling Cu homeostasis, is an essential 
mechanism for the acid tolerance of Rhizobium leguminosarum bv. viciae and 
Sinorhizobium meliloti, since it prevented Cu toxicity in acidic conditions (Reeve et al., 
2002). For other metals (e.g. zinc), naturally occurring PGPR have also shown resistance to 
zinc, which is largely through efflux system. Bacteria for this activity possess two efflux 
systems- (i) a P-type ATPase efflux system that transports Zn ions across the cytoplasmic 
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membrane by energy from ATP hydrolysis (Beard et al , 1997) and (ii) an RND-driven 
transporter system that transports Zn across the cell wall (not just the membrane) of Gram-
negative bacteria and is powered by a proton gradient and not ATP (Nies, 1999). Similarly, 
Ni resistance is inducible and is due to an energy-dependent efflux system driven by 
chemiosmotic proton-antiporter system (Taghavi et al., 2001). For Ni, resistance is encoded 
by pMOL 28 (163 kb), which occur by an efflux pathway via cation proton-antiporter 
chemiosmotic system (Mergeay, 1991) and removes the toxic metal. Plasmid encoded 
energy dependent metal efflux systems involving ATPases and chemiosmotic ion/ proton 
pumps are also reported for As, Cr and Cd resistance in other bacterial species (Roane and 
Pepper, 2000). The exploitation of these bacterial properties for the remediation of heavy 
metal-contaminated sites has been shown to be a promising bioremediation alternative 
(Lovley and Coates, 1997). Though, the threshold limit of metal toxicity to soil 
microorganisms is not conclusive, yet the interaction between heavy metals and microbes do 
occur in nature. Microorganisms can interact with metals via many mechanisms, some of 
which may be used as the basis of potential bioremediation strategies. The major types of 
interactions are summarized in Fig.5 
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Figure 5. Metal-microbe interactions affecting bioremediation (Tabak et al., 2005) 
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2.3.2 HEAVY METAL REMEDIATION STRATEGIES 
2.3.2.1 Heavy metal removal from contaminated sites 
The removal of heavy metals from derelict soils requires a considerable technical input. 
However, various approaches have been suggested for the restoration of contaminated soils 
(Fig 6). Conventional methods used for treating/removing metals from soils contaminated 
with toxic metals include- (i) land filling- the excavation, transport and deposition of 
contaminated soil in a permitted hazardous waste land (ii) fixation- the chemical processing 
of soil to immobilize the metals, usually followed by treatment of the soil surface to 
eliminate penetration by water and (iii) leaching- using acid solutions as proprietary 
leaching agent to distort and leach metals from soil followed by the return of clean soil 
residue to site (Krishnamurti, 2000). The application of these processes is sometimes 
restricted, due to the technological or economical constraints. Therefore, the search for 
alternative methods to restore polluted soils is an inexpensive, less labour intensive, safe and 
environmental friendly manner is required. Such an alternative method is bioremediation, 
which is defined as the action of microbes or other biological systems to degrade/transform 
environmental pollutants under controlled conditions to an innocuous state, or to levels 
below concentration limits established by regulatory authorities (Muller et al., 1996). 
Bioremediation can be applied in situ without the removal and transport of contaminated 
soils and without the disturbance of soil matrix or can be applied ex situ (Table 4) to soil at 
the site which has been removed from the site via excavation (Llyod and Lovely, 2001). 
2.3.2.2 Bioremediation; a natural method for the restoration of derelict soils 
Managing the microbial populations in the rhizosphere by using microbial inoculum 
consisting of a plant growth promoting rhizobacteria and symbiotic nitrogen fixers as allied 
colonizers and biofertilizers, could provide plants with benefits crucial for ecosystem 
restoration on derelict lands (Khan, 2004). For microbes, bioremediation involves the use of 
living/dead organisms, to degrade/transform the heavy metals into less toxic forms. It uses 
naturally occurring bacteria and fungi or plants to reduce, eliminate, contain and transform 
to benign products, contaminants present in soils, sediments, water or air. Bioremediation 
especially involves the use of microbes and depends on the presence of sufficient numbers 
of viable PGPR and the proper conditions suitable for their growth. The microorganisms 
used in bioremediation could either be indigenous to a contaminated area or can be isolated 
43 
from elsewhere and then introduced (augmentation) into the contaminated sites. Advances in 
understanding the role of microorganisms in such processes, together with the ability to fine-
tune their activities using the tools of molecular biology, has led to the development of novel 
or improved metal bioremediation processes. 
2.3.2.3 Advantages and limitations of bioremediation 
The advantages of bioremediation include- (i) it is a natural process and is well accepted by 
the public as a means of restoration of contaminated sites. Microbes including PGPR can 
remediate the contaminants, and when the contaminant is transformed/degraded, the toxicity 
of contaminants declines (ii) bioremediation can be useful for a wide variety of 
contaminants leading to the complete destruction (iii) bioremediation can consistently be 
carried out on site, often without causing a major threat to soil health or process mediated by 
microbes. This property of remediation help to avoid the transport of waste off site and the 
Table 4: Summary of bioremediation strategies 
Technology 
In situ 
Ex situ 
Bioreactors 
Examples 
In situ 
bioremediation 
Biosparging 
Bioventing 
Bioaugmentation 
Landfarming 
Composting 
Biopiles 
Slurry reactors 
Aqueous reactors 
Benefits 
Most cost efTicient 
Noninvasive 
Relatively passive 
Natural attenuation 
process. Treats soil and 
water 
Cost efficient 
Low cost 
Can be carried out on site 
Rapid degradation kinetic. 
Optimized environmental 
parameters, Enhanced 
mass transfer. Effective 
use of inoculants and 
surfactants 
Limitations 
Environmental constraints. 
Extended treatment time. 
Monitoring difficulties 
Space requirements 
Extended treatment time 
Need to control abiotic 
loss. Mass transfer 
problem. Bioavailability 
limitation 
Soil requires excavation. 
Relatively high cost 
capital. Relatively high 
operating cost 
Factors to Consider 
Diodegradative 
abilities of 
indigenous 
microorganisms. 
Presence of metals, 
environmental 
parameters,shemical 
solubility, geological 
factors etc. 
Diodegradative 
abilities of 
indigenous 
microorganisms. 
Presence of metals, 
environmental 
parameters.shcmical 
solubility, geological 
factors etc. 
Bioaugmentation, 
Toxicity of 
amendments. Toxic 
concentration of 
contaminants 
Adapted from Vidali, (2001) 
potential threats to human health and the environment, that may develop during 
transportation and (iv) bioremediation is inexpensive compared to other technologies used 
for clean up of hazardous soils. However, bioremediation technologies also have certain 
limitations like -{\) it is applied only for those compounds that are biodegradable. And 
hence, compounds which are not susceptible to rapid and complete biodegradation can not 
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be remediated from the contaminated sites (ii) there are some concerns that the products of 
biodegradation may be more persistent or toxic than the parent compound (iii) since 
biological processes are often specific, it requires active and specific microbial 
communities; important site factors required for success include the suitable environmental 
growth conditions and appropriate levels of nutrients and contaminants in the sites to be 
remediated (iv) it is difficult to extrapolate from bench and pilot scale studies to fiill scale 
field operations (v) research is urgently required to develop and engineer bioremediation 
technologies that could be appropriate for sites with complex mixtures of contaminants that 
are not evenly dispersed in the environment (vi) since bioremediation is a biological assisted 
process, it takes longer times than other conventional approaches and (vii) regulatory criteria 
for the performance of bioremediation are lacking. 
Phytoextraction [ j Rhizofiltration [ Phytostabilization [ Phvtodegredation ^ Phytovolatization 
Fig 6. Approaches used in the remediation of heavy metal toxicity from metal contaminated site 
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2.3.2.4 Remediation of Heavy Metals by plant growth promoting rhizobacteria 
The low cost and high efficiency at low metal concentrations make biotechnological 
approaches very attractive in comparison to physico-chemical methods for heavy metal 
removal (Gadd, 1992). Furthermore, the metal remediation involving microorganisms can 
help to minimize the bioavailability and biotoxicity of heavy metals (Gadd, 2000; Khan, 
2005). Additionally, rhizosphere, with high concentration of nutrients exuded from the roots, 
attracts more bacteria than do the bulk soils (Penrose and Glick, 2001). These bacteria 
including PGPR, in reverse, facilitate the growth of the plant. This phyto-bacteria system is 
proved to be more effective in removing heavy metals than its ingredients. Several processes 
such as (i) biostimulation- stimulation of viable native microbial population (ii) 
bioaugumentation- artificial introduction of viable population (iii) metal reduction (iv) 
biotransformation (v) bioaccumulation- use of living cells (vi) biosorption and (vii) use of 
dead microbial biomass are some of the cost effective bioremediation technologies. Each of 
these methods offers the potential for bioremediation of metals in contaminated 
environment. Biological approaches for metal detoxification afford the potential for 
selective removal of toxic metals and operational flexibility (Hallberg and Johnson, 2005; 
De et al., 2008). In the past few decades, new metal treatment and recovery techniques based 
on biosorption have been explored using both dead and living microbial biomass with 
considerable success. Prokaryotic microbes in general, accumulate metals by binding them 
as cations to the cell surface in a passive process (Beveridge and Doyle, 1997). Among the 
microbes, though PGPR was first used for promoting the growth of plants and for the 
biocontrol of plant diseases, much attention has recently been paid on bioremediation 
potential of PGPR (Huang et al., 2004b, 2005; Khan et al., 2008). In addition, PGPR can 
also detoxify the heavy metals, when they are applied to seeds or soils (Rajkumar et al., 
2006). Recently, the inoculation effects of PGPR Methylobacterium oryzae strain CMBM20 
and Burkholderia sp. strain CMBM40, isolated from rice tissues, on toato, grown in Ni and 
Cd amended soil has been reported (Madhaiyan et al., 2007). These bacterial strains 
significantly reduced the toxicity of both metals in tomato and promoted the plant growth 
under gnotobiotic and pot culture conditions. It was concluded from this study that, the 
increase in plant growth occurred due to-(i) protection provided by bacterial strains against 
Ni and Cd by reducing their uptake and translocation to plant organ (shoot) and (ii) synthesis 
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of phytohormones and ACC deaminase by these bacterial strains. Furthermore, soil 
rhizobacteria can also directly influence metal bioavailability by altering their chemical 
properties. This can aid in the leaching of contaminants from soils. For example a strain of 
Pseudomonas maltophilio reduced the mobile and toxic Cr (vi) to non-toxic and immobile 
form of chromium (iii) and also minimized the environment mobility of other toxic ions, 
such as Hg^^, Pb^^ and Cd^^ (Park et al., 1999). Thus, in soils heavily contaminated with 
metals, it may be possible to treat plants with PGPR, increasing plant biomass and thereby 
stabilizing, re-vegetating and re-mediating metal polluted soils. Recent examples of the 
bioremediation assisted by PGPR are shown in Table 5. There are, however, many areas of 
poor understanding or lack of information where more research is urgently required. They 
include (i) the research is required to investigate the microorganisms induced changes in the 
rhizosphere of hyperaccumulator plants in relation to metal accumulation (ii) furthermore, it 
is also difficult to clarify the specific features of microbe-plant, microbe-soil and microbe-
metal interaction (iii) accumulation and distribution of metals in soils following metal 
tolerant bacterial application needs to be assessed and (iv) the mechanism involved in 
mobilization and transfer of metals are to be determined in order to develope future 
strategies and optimization of the bio-remediation technique. 
2.3.2.4.1 Biotransformation 
Heavy metals in general are indestructible and hence, persist in the environment. However, 
microorganisms can reduce/transform a wide variety of multivalent metals that pose major 
threat to the environment. Though, numerous PGPR strains possessing metal reducing 
ability have been identified (Lovley and Phillips, 1994), in this section, emphasis will be 
placed on the reduction of chromium only by PGPR strains. 
2.3.2.4.1.1 Chromium detoxification 
In the environment, chromium occurs mainly in trivalent and hexavalent forms (as chromate 
and dichromate) and is actively transported to cells (Ortegel et al., 2002). Among the 
different forms of chromium, the hexavalent chromium is the more toxic and carcinogenic 
due to its high solubility in water, rapid permeability through biological membranes and 
subsequent interaction with intracellular proteins and nucleic acids (Kamaludeen et al., 
2003). While the trivalent chromium does not migrate freely in natural systems, because it 
readily precipitates as Cr (III) minerals or is removed by adsorption (Richard and Bourg, 
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1991). Reduction of Cr (VI) leads to the formation of stables, less soluble and less toxic Cr 
(III). Reduction of toxic Cr (VI) to Cr (III) is thus, a useful process for remediation of Cr 
(VI) affected environments (Jeyasingh and Phillip, 2005). In this context, conventional 
methods, like chemical reduction followed by precipitation, ion exchange and adsorption on 
activated coal, alum and ash, to alleviate the toxicity of chromium have widely been used. 
However, most of these methods require high energy or large quantities of chemicals 
(Komori et al., 1990) and are cost effective. The reduction/ detoxification of Cr (VI) by 
microbes is, however, inexpensive and envirormientally safe approach and provides a viable 
option to protect the environment from chromium toxicity. In this regard, numerous 
chromium resistant PGPR strains like Pseudomonas sp. (Rahman et al., 2007), 
Ochrobactrum intermedium (Faisal and Hansnain, 2005) and Micrococcus (Sultan and 
Hasnain, 2005) have been reported. 
Detoxification of chromium by microbes may occur directly or indirectly and is affected by 
pH, chromate concentration, incubation periods and the types of microbes involved. In the 
direct mode, the microbes take up chromium and then enzymatically (chromium reductases) 
reduced chromium (Losi et al., 1994). While in the indirect mode, products (reductants or 
oxidants) of microbes in soil, such as H2S, reduce chromium by chemical redox reactions 
(Defilippi and Lupton, 1992). Furthermore, in growing cultures with added carbon sources 
as electron donors and in cell suspensions, Cr (VI) reduction can be predominantly aerobic 
or anaerobic, but generally not both. Interestingly, chromium reductases can catalyse 
reduction of Cr (VI) to Cr (III) anaerobically (Lovley and Phillips, 1994), aerobically 
(Cervantes et al., 2001) and also both anaerobically and aerobically (Marsh and Mclnemey, 
2001). The Cr (VI) reductase may be present in the membrane fraction of the cells of PGPR, 
as found in Pseudomonas fluorescens and Enterobacter cloacae (Wang et al., 1990). Further 
evidence suggested that cytochrome c548 was involved in the reduction of Cr (VI) by 
membrane vesicles (Myers et al., 2000). In the presence of H2 and excess of hydrogenase, 
cytochrome C3, a periplasmic protein, in the soluble cell free fraction of Z). vulgaris (Lovley 
and Phillips, 1994), reduced Cr (VI), 50 times faster than did the Cr (VI) reductase of P. 
ambigua with NADH and NADPH, as electron donor (Horitsu et al., 1987). Chromium 
reductase in anaerobically grown Shewanella putrefaciens MR-1 was chromate dependent 
with highest activity in cytoplasmic 
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Table 5. Bioremediation of heavy metals by PGPR 
Bacteria 
Azotobacter 
chroococcum HKN-
5 
Bacillus 
megaterium HKP-1 
Bacillus 
mucillaginosus 
HKK-I 
Bacillus subtilis SJ-
101 
Xanthomonas sp. 
RJ3, Azomonas sp. 
RJ4, Pseudomonas 
sp. RJIO. Bacillus 
sp. RJ31 
Brevundimonas 
Krol3 
Kluyvera ascorbata 
SUD165 
Kluyvera ascorbata 
sub 165 
Plant 
Brassica Juncea 
Brassica Juncea 
Brassica Juncea 
Brassica Juncea 
Brassica napus 
None 
Indian mustard. 
Canola, tomato 
Heavy 
metals 
Pb, Zn 
Pb.Zn 
Pb, Zn 
Ni 
Cd 
Cd 
Ni, Pb, Zn 
Conditions 
Experiments in 
greenhouse 
Experiments in 
greenhouse 
Experiments in 
greenhouse 
Experiments in 
growth chamber 
Experiment in pots 
Culture media 
Experiments in 
growth chamber 
Role of PGPR 
Stimulated plant 
growth 
Protected plant from 
metal toxicity 
Protected plant from 
metal toxicity 
Facilitated Ni 
accumulation 
Stimulated plant 
growth and increased 
cadmium 
accumulation 
Sequestered cadmium 
directly from solution 
Both strains decresed 
some plant growth 
inhibition by heavy 
metals. No increase of 
References 
Wu et al.. (2006a) 
Wu et al.. (2006a) 
Wu et al.. (2006a) 
Zaidi et al., (2006) 
Sheng and Xia. 
(2006) 
Robinson et al.. 
(2001) 
Burd et al.. (2000) 
Mesorhizobium 
huakuii susp. 
Rengei B3 
Pseudomonas sp. 
Bacillus sp. 
Brevihacillus 
Methylobacterium 
oryzae. 
Burknolderia sp. 
Bradyrhizobium 
japonicum 
Ochrobacterium 
intermedium 
Pseudomas 
fluorescens 
Pseudomonas sp. 
Pseudomonas 
putida 
Ochrobacterium. 
Bacillus cereus 
Astragalus sinicus Cd Hydroponics 
Mustard 
Trifolium repens Zn 
Cr (VI) Pot experiment 
Pot experiment 
Lycopersicon 
esculentom 
Sovbean 
Sunflower 
Soybean 
Ni, Cd Gnotobiotic and pot 
culture experiments 
As Experiment in 
vessels 
Cr(Vl) Experiment in pots 
Hg 
Soybean, mungbean, Ni, Cd. Cr 
wheat 
Mungbean Pb, Cd 
Experiment in 
greenhouse 
Experiment in pots 
Experiment in pots 
Mungbean Cr (VI) Experiment in pots 
metal uptake w ith 
either strain over non-
inoculated plants 
Expression of PCS, 
gene increased ability 
of cells to bind Cd 
approximately 9 to 16 
fold 
Stimulated plant 
growth and decreased 
Cr (VI) content 
Enhanced growth and 
nutrition of plants and 
decreased Zn in 
tissues 
Stimulated growth of 
soybean and decreased 
arsenic absorption 
Increased plant growth 
and decreased Cr(VI) 
uptake 
Increased plant growth 
Promotes growth of 
plants 
Increased plant growth 
and decreased Pb and 
Cd uptake 
Lowers the toxicity of 
Cr to seedlings by 
reducing Cr( VI) to Cr 
(111) 
Sriprang etal.. 
(2003) 
Rajkumar et al.. 
(2006) 
Vivas etal.,([2006) 
Madhaiyan et al.. 
(2007) ' 
Reichman. (2007) 
Faisal and 
Hasnain. (2005) 
Gupta et al.. 
([2005) 
Gupta et al.. 
(2002) 
IVipathi et al.. 
(2005) 
Faisal and 
Hasnain. (2006) 
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membrane (Park et.al, 2000). The chromium reductase in P. amhigua (Campos-Garcia et al., 
1992) and Bacillus sp. (Wang et al., 1991) have been purified and characterized. More 
recently, to clone a chromate reductase gene, novel soluble chromate reductase of P. putida 
was purified to homogeneity and characterized (Puzon et al., 2002). The reductase activity 
was NADH- or NADPH-dependent. Reduction of Cr (VI) by bacterially produced H2S, 
followed by precipitation of the Cr (III) formed, is an important mechanism in sulfate-rich 
soil environment under anaerobic conditions (Losi et al., 1994). Hydrogen sulfide, produced 
in acid sulfate soil under reducing conditions, is easily precipitated as FeS in reduced soils 
(Eary and Rai, 1991) and sediments. Fe (II) and H2S, both microbially produced, are 
effective reductants of Cr (VI) under reduced conditions as is the FeS (Kamachuk, 1995). 
2.3.2.4.1.2 Bioaccumulation and biosorption 
Microorganisms can physically remove metals from solution through association of these 
contaminants with biomass (Mahapatra and Gupta, 2005). Biosorptive process involves a 
combination of active and passive transport mechanisms starting with the diffusion of metal 
ions to the surface of microbial biomass. Metal accumulative bioprocess are generally 
divided in to two broad categories- (i) bioaccumulation- the retention and concentration of a 
substance within an organism and (ii) biosorption- utilization of inexpensive dead or living 
microbial biomass for the sorption of metals of industrial origin. Biosorption of metals is 
one of the possible alternative technologies involved in the removal of toxic metals from 
industrial waste stream and natural waters (Gupta et al., 2000). It is a potential and intresting 
alternative to conventional processes, such as ion exchange process (Pagnaanelli et al., 
2001). Advantages and disadvantages of biosorption by non-living biomass are given in 
Table 6. Several active groups of cell constituents, like, acedamido group of chitin, 
structural polysaccharide of fungi, amine (amino and peptidoglycosides), sulfhydral and 
carboxyl groups in protein, phosphodiester (teichoic acid), phosphate and hydroxyl in 
polysaccharides participate in biosorption of heavy metals (Vijayragharan and Yun, 2008). 
Biosorption of metals by the PGPR strains has been studied extensively (Lloyd and 
Macaskie, 2000). For example, Hernandez et al., (1998) isolated three species of bacteria 
belonging to family enterobacteriaceae, which were capable of accumulating nickel and 
vanadium. The technology involving surface complexation, ion exchange and 
microprecipitation is a potential alternative to current metal treating processes. 
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Table 6. Advantages and limitations of biosorption technology 
Advantages Disadvantages 
Growth independent, non-living biomass is insensitive Early saturation can be problem i.e. when metal interactive 
to toxicity sites are occupied, metal desorption is necessary prior to 
further use, irrespective of the metal value 
Biomass can be obtained from the existing The potential for biological process improvement is limited 
fermentation industries because cells are not metabolizing. Therefore, 
bioengineering of such biomass is no possible. 
The biomass can be produced rapidly and usuall takes The amount of biomass produced by the potential microbes 
few minutes to few hours. Metal loading on biomass is could be very low 
often very high, leading to very efficient metal uptake 
The process does not require physiological conditions There is no potential for biologically altering the metal 
as required by living cells valency state. 
Metals can be desorbed readily and then recovered if 
the value and amount of metal recovered are significant 
and if the biomass is plentiful, metal-loaded biomass 
can be incinerated, thereby eliminating further 
treatment. 
Modined from Sarbjeet and Goyal, (2007) 
2.3.2.5 Phytoremediation 
In additiott to the mechanisms outUned, accumulationm of metals by plants warrants 
attention as an additional established route for the bioremediation of metal contamination. 
Plants possessing constitutive and adaptive mechanisms for tolerating or accumulating high 
metal contents in their rhizosphere and tissues, is the emerging in situ remediation 
technology used for clean up of metal contaminated soils (Khan, 2004). This technology, 
often termed, phytoremediation (Brooks, 1998), aims to use metal accumulating plants to 
remove, transfer or stabilize contaminants from metal contaminated soils. The 
phytoremediation technologies can broadly be categorized under five groups (Table 7) and 
has both advantages and limitations (Table 8). An ideal plant used for remediation of metals 
should grow rapidly, produce a high amount of biomass, have low-level contaminant uptake 
and be able to tolerate and accumulate high concentrations of metals. The efficiency of 
phytoremediation techniques is also influenced by the bioavailability of metals to plants in 
soil. In some cases, applying chemical chelating agents to the soil can solve this problem. 
Enhanced rates of metal ion translocation (from roots to shoots) and transpiration are also 
important for efficient phytoextraction. Currently, a number of metal accumulating plants 
are reported to be used for removing toxic metals from soil (Zayad et al., 1998; Burd et al., 
2000). Among the metal accumulating plants, Indian mustard {Brassica junceae L Czem) is 
one of such promosing species, which has attracted considerable attention because of its 
ability to grow in heavily polluted soil together with its capacity for metal ion accumulation 
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(Blaylock and Huang, 2000). In a study, Ni tolerant Bacillus subtilis strain SJ-101 facilitated 
Ni accumulation in Indian mustard and showed the potential of Ni phytoremediation in Ni 
amended soil (Zaidi et al., 2006). 
Table 7. Phytoremediation techniques 
Phytoremediation Methods Plant mechanism Surface medium 
Phytoextracction Uptake of metals by different organs of Soils 
plant, their accumulation and subsequent 
removal by plants 
Phytotransformation Plant uptake and degradation of rganic Surface water and ground water 
compounds 
Phytostabilization Precipitation of metals by root exudates Soils, groundwater, mine tailing 
making metal less available to plants 
Phytodegradation Stimulates microbial degradation in Soils, groundwater within 
rhizospheres rhizospheres 
Rhizofiltration Uptake of metals and their accumulation Surface water 
in plant roots 
Phytovolatization Evaporation of pollutants by plants Soils and groundwater 
The major processes that influenced the metal accumulation rates in plant (Clements 
et al., 2002; Yang et al., 2002) are illustrated in Fig. 7. When metal concentrations become 
too high, the plant barrier looses its function, probably due to toxic action by the metal, and 
the uptake massively increases. Excess metal concentrations cause a number of toxic 
symptoms in plants through the generation of various reactive species of oxygen such as 
superoxide radicles and H2O2 (Fig. 8), which in turn affected the various metabolic activities 
of plants and consequently leading to the death of the plants (Fig. 9). 
Table 8. Advantages and limitations of the phytoremediation technology 
S.No. Advantages Limitations 
1 Applicable to a wide variety of inorganic Limited by depth (roots) and solubility and availability of 
and organic contaminants the contaminant 
2 Reduces the amount of waste going to Although faster than natural attenuation, it requires long 
landfills time periods (several years) 
3 Does not require expensive equipment or Restricted to sites with low contamination concentration 
highly specialized personnel 
4 It can be applied in situ. Reduces soil Plant biomass from phytoextraction requires proper 
disturbance and the spread of contaminants disposal as hazardous waste 
5 Early estimates of the costs indicate that Climate and season dependent. It can also lose its 
phytoremediation is cheaper than effectiveness when damage occurs to the vegetation from 
conventional remediation methods disease or pests 
6 Easy to implement and maintain. Plants are a Introduction of inappropriate or invasive plant species 
cheap and renewable resource, easily should be avoided (non-native species may affect 
available biodiversity) 
7 Environmentally friendly, asthetecally Contaminants may be transferred to another medium, the 
pleasing, socially accepted, low-tech environment, and/ or the food chain 
alternative 
8 Less noisy than other remediation methods. Amendments and cultivation practices may have negative 
Actually, trees may reduce noise from consequences on contaminant mobility 
industrial activities 
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Fig.7. Major Processes proposed to be involved in heavy metal hyperaccumulation 
by plants (Adapted from Yang et al., 2005) 
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Fig 8. Heavy metal induced oxidative stress and related cellular processes 
In order to survive in the metal polluted soils, plants therefore, must have- (i) 
efficient and specific mechanisms by which heavy metals are taken up and transformed into 
a physiologically tolerable form, providing the essential elements for the plants' metabolic 
function and (ii) the ability to metabolically inactivate excess of these essential elements or 
toxic heavy metal ions, that do not play any role in metabolism. In this context, some of the 
prevalent mechanisms of metal tolerance in plants are- accumulation, sequestration, 
synthesis of metal-binding complexes (phytochelatins) and their stabilization by sulphide 
ions, damage rescue by heatshock proteins and phytochelatin constituting organics. In this 
section, the role of only phytochelatin in metal tolerance will be discussed briefly. 
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Plants can protect themselves from heavy metal poisoning by synthesizing 
antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), peroxidase 
(POD), glutathione reductase (GR) (Isik, et al., 2007). Plants also possess large amounts of 
non-enzymatic antioxidants such as praline, flavinoids, ascorbate (ASC) and carotenoids 
(Arora et al., 2002) that aid the detoxification process. In legume root nodules, the O2 
problem is dealt by three mechanisms (Dension, 1992):- (i) an abundant amount of the O2-
binding protein leghaemoglobin to facilitate the flux of O2 to symbiotic bacteria {Rhizohium 
or Bradyrhizobium), while maintaining an extremely low, nontoxic concentration of free O2 
(ii) a high rate of respiratory O2 consumption and (iii) a variable diffusion barrier that 
controls the entry of O2 into the central infected regions. The diffusion of O2 into the nodule 
interior can be regulated by alterations in relative amounts of air, liquid or occluding 
glycoproteins within intracellular spaces. A major defence against activated O2 in nodules is 
provided by ascorbate peroxidase, a hemoprotein that uses the reducing power of ascorbate 
to scavange H2O2. Although ascorbate peroxidase may be regarded as a nearly universal 
'housekeeper' in the cytosol and chloroplasts of plant cells, it is especially abundant in the 
cytosol of N2-fixing root nodules, where it makes up almost 1% of the total soluble protein. 
Glutathione is an important antioxidant and metal chelator and has been shown to 
play an important role in cadmium detoxification in legume symbiont Rhizohium 
leguminosarum (Lima et al., 2006). Similarly, the SOD and POD are two major protective 
enzymes reported for kidney beans. When plants grow in the polluted environment, these 
enzymes in plant organs can reduce the toxicity of free radicals and thus prevent the plants 
from metal injury. For example, addition of cadmium and zinc to the soils caused changes in 
SOD and POD activity in the plant organs suggesting that SOD and POD were stimulated to 
inhibit the free radicals. One of the characteristics of legumes is the presence of 
homoglutathione (y - glutamylcysteine-alanine; hGSH), a homologue of GSH, which is 
present instead of or in addition to GSH. The concentration of GSH and hGSH has been 
reported more in the infected zones of both determinate and indeterminate nodules than in 
the other organs of the legume plants (Matamoros et al., 1999). The GSH/HGSH are known 
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Fig 9. Cell components damaged by heavy metal generated free radicals 
to play a role in the formation and the regulation of the nodule meristem as they have 
shown a very important role in the frinctioning of root tip meristem (Vemoux et al., 2000) 
and the regulation of the number of nodules per plant. Recently, the synthesis of glutathione 
reductase by the root and nodules of legumes, grown in soils exposed to different regimes of 
lead (Reddy et al., 2005) and other detoxifying agents produced by rhizobia are reported 
(Figueira et al., 2005). 
Similarly, legumes can protect themselves from metal toxicity by synthesizing 
phytochelatins (PC); a simple y - glutamyl peptides (Grill et al., 1985) and the formation of 
PC in response to the challenge of heavy metals including the multi - atomic anions 
(Maitani et al., 1996) is one of the few 'truly adaptive stress responses' observed in plants 
(Geker et al., 1989). The PC synthetase involved in the synthesis of PC requires metals for 
its activation (Grill et al., 1989). Since the PC synthetase activity has been detected largely 
in roots (Steffens, 1990), and root is the first organ exposed to the metal ions in the soil, the 
roots of the plants provide an effective means of restricting the uptake of metals by forming 
a metal-PC complex. The PC-metal complexes has then been reported for Cd (with 
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molecular weights of 2.5 and 3.6 kDa) and Cu (Grill et al., 1987). In a study, it has been 
shown that metal-sensitive plant enzymes could tolerate 10- to 1000-fold the amount of Cd 
in the form of a PC complex as compared to the free metal ion (Kneer and Zenk, 1992). 
Furthermore, the PC peptides reactivate metal poisoned plant enzymes such as nitrate 
reductase up to 1000-fold better than chelators (such as GSH or citrate), revealing a 
profound sequestering potential of these peptides. Plants grown in conventional soils, 
however, showed no phytochelatin activity suggesting that metal binding PC are specifically 
induced in plants growing in heavy metal stressed conditions. In addition to its role in 
detoxification, phytochelatin also plays a role in homeostasis of heavy metals in plants and 
regulates the availability of metal ions in the plant cell. However, the synthesis of 
phytochelatin by bacterial cell is yet not reported. 
2.3.2.5.4 Plant growth promoting rhizobacteria assisted phytoremediation 
Although many PGPR are tolerant to heavy metals and play a significant role in 
mobilization or immobilization of heavy metals (Gadd, 1990), only a few attempts have 
been made to study the rhizosphere bacteria of metal accumulating and hyperaccumulating 
plants and their role in the tolerance to and uptake of heavy metals by the plants. Thus, the 
efficiency of phytoremediation can further be enhanced by growing plants with an 
associated PGPR, which forms an important component of phytoremediation technology 
(Glick, 2003; Khan, 2005; Denton, 2007). The use of PGPR along with plants in 
phytoremediation technologies may help to detoxify metal besides augmenting plant growth 
in contaminated sites (Mayak et al., 2004; Madhaiyan et al., 2007; Khan et al., 2008). 
Furthermore, the PGPR are also known to affect heavy metal mobility and availability to the 
plant through release of chelafing agents, acidification, phosphate solubilization and redox 
changes (Whiting et al., 2001). In a study, 11 Cd tolerant bacterial strains were isolated from 
the root zone of Indian mustard seedling grown in Cd-supplemented soils as well as sewage 
and mining waste highly contaminated with Cd. The isolated bacterial strains included 
Variovorax paradoxus, Rhodococcus sp. and Flavobacterium sp. and were capable of 
stimulating root elongation of Indian mustard seedlings either in the presence or absence of 
toxic Cd (Belimov et al., 2005) suggesting that these bacterial strains could be develop as 
inoculants to improve growth of the metal accumulating Indian mustard in the presence of 
toxic Cd concentration and for the development of plant inoculant systems useful for 
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phytoremediation of polluted soils. Similarly, in the presence of As, in the presence and 
absence of the added PGPR {Enterobacter cloacae), the canola (Brassica napus) grew to a 
significantly greater extent than non-transformed canola plants (Nie et al., 2002). Moreover, 
eventhough, PGPR improves plant growth in metal contaminated soils by mitigating the 
toxic effects of heavy metals (Belimov et al., 2004), yet the elevated concentrations of these 
metals have shown toxicity to metal tolerant and metal accumulating plants. This is partly 
due to the deficiency of certain elements (e.g., iron) in a range of different plant species (Ma 
and Nomoto, 1993), when grown in contaminated soils. However, the microbial iron-
siderophores complexes can be taken up by plants and thereby, serve as an iron source for 
plants (Burd et al., 2000). It is therefore, believed that the best way to prevent plants from 
metal toxicity was to provide them with an associated siderophore bacterium. In this context, 
PGPR when applied to soils, increased the growth of plants even in the presence of metals 
including Ni, Zn and Pb (Burd et al., 1998), thus allowing the plants to develop larger roots 
and get better established during early stages of growth. Once the seedling is established, the 
PGPR (e.g., Pseudomonas) can help plant acquire sufficient iron for optimal plant growth. 
Similarly, Ni resistant Kluyvera ascorbata isolateded from soil contaminated with Ni, Pb 
and Zn, promoted the growl^ h of tomato, Indian mustard and canola (Burd et al, 2000). In yet 
other study, PGPR strains provided protection against chromium toxicity to greengram 
plants, when inoculated with Ochrobacterium intermedium and Bacillus cereus (Faisal and 
Hasnain, 2006). Moreover, the PGPR strains are also involved in the accumulation of 
potentially toxic trace elements into plant tissues and can reduce the toxicity of heavy metals 
by absorption or adsorption mechanism (Marmil et al., 1997). Similar accumulation of 
heavy metal (e.g. chromium) in sunflower (Helanthus annus) inoculated with 
Ochrobacterium intermedium (Faisal and Hasnain, 2005) and the accumulation of nickel 
and cadmium in tomato (Madhaiyan et al., 2007) is reported. Thus, the increase in the 
growth of various agronomic crops following PGPR application in metal contaminated soils 
could be due to the ability of PGPR strains to (i) tolerate high level of metals (ii) provide 
plant growth promoting substances and (iii) reduce the toxicity of heavy metals. Therefore, 
the PGPR strains possessing such multiferous properties could serve as a potential 
bioinoculant for the growth improvement of plants as well as for the remediation of heavy 
metals in soils contaminated with toxic metals. Although the role of PGPR is potentially 
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important in the phytoremediation strategies, research in this area as pointed out by Lucey et 
al., (2004), is very limited and requires field studies to support green house or growth 
chambers experiments. Further, to make phytoremediation viable, to search for fast growing 
and metal tolerant and/or hyperaccumulating plants with extensive root system are required. 
Alternatively, the plants can be engineered with as yet unidentified hyperaccumulation 
genes. 
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Materials and Methods 
3.1 Collection of soil samples 
The soil samples for total heavy metal concentrations were collected from different sites in 
the vicinity of Aligarh, Uttar Pradesh, India, from a depth of 0-15 cm during the winter 
season of 2003-2004, with a soil auger. From each site, five samples were collected in 
polythene bags and were taken to the laboratory. The samples were mixed evenly and 
processed for heavy metal analysis. 
3.2 Determination of total heavy metal concentration in soils 
The soil samples for total heavy metal concentration were collected from the industrial area 
of Mathura road (SI) and exhibition ground, Aligarh (S2), Uttar Pradesh, India. There was 
consistent use of industrial sewage water on these soils. Soil samples collected from 
conventional (cultivated) fields of Faculty of Agricultural Sciences (S3), Aligarh Muslim 
University, Aligarh, were also used for quantitative estimation of heavy metals. For heavy 
metal analysis, oven-dried soil samples were sieved through muslin cloth. Ash was prepared 
at 400-500 '^ C in a muffled furnace overnight. One gram cooled ashed sample was treated 
with aquaregia [nitric acid and hydrochloric acid (3: 1)]. Digestion was carried out on a hot 
plate until dense fiime evolved and a clear solution was obtained. The clear solution was 
filtered through Whatman filter paper No. 1 and the volume was made to 100 ml with 
double distilled water. In the digested sample, the heavy metals were analyzed by the 
method of McGrath and Cunliffe, (1985) using flame atomic absorption spectrophotometer 
(Model GBC 932B Plus Atomic Absorption Spectrophotometer). All chemicals used in 
heavy metal analysis were of analytical grade and solutions used were made in double 
distilled water. 
3.3 Microbiological analysis 
The rhizospheric soil samples collected from different sites used for heavy metal analysis 
were also used to determine total bacterial populations, fungal populations and phosphate 
solubilizing microorganisms using standard microbiological methods (Holt et al., 1994). The 
microbial populations were also enumerated in soils collected from the rhizospheres of 
mustard {Brassica campestris L) and tomato (Lycopersicon esculentum L) grown in the 
fields of Faculty of Agricultural Sciences, Aligarh Muslim University, Aligarh. The soil 
samples were serially diluted in sterile normal saline solutions and 10 \i\ of diluted 
suspension was spread plated on nutrient agar (for total bacterial populations) (g/1: beef 
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extract 3; peptone 5; agar 15; pH 7), Martin' medium (for fungal populations) 
(Appendix 1) and Pikovskaya (Pikovskaya, 1948) medium (for phosphate solubilizers) 
(Appendix 2). Each sample was replicated three times and incubated at 28 ± 2 C for 24 h, 
three days, five and seven days for total bacteria, fungi and phosphate solubilizing 
microorganisms, respectively. 
3.4 Isolation of nitrogen fixing bacteria 
The nitrogen fixing bacteria were isolated from nodules borne on the root systems of 
greengram (Vigna radiata L. Wiclzek) grown in metal contaminated soils of industrial area 
of Aligarh and pea (Pisum sativum) and lentil {Lens esculentus) grown in metal polluted 
sites of Mathura Road, Aligarh, UP, India. The Rhizobium strains specific to chickpea {Cicer 
arietinum L.) was isolated from the nodules of chickpea, grovra in conventional soils of the 
experimental sites of Faculty of Agricultural Sciences, Aligarh Muslim University Aligarh, 
U.P., India, using standard method (Somasegaran and Hoben, 1994). The nodules were 
detached from the roots of each legume crop and were surface sterilized with 2.5% sodium 
hypochlorite for 2 min, following a rinse in 95% ethanol (v/v) and washing with six changes 
of sterile water. Nodule suspensions were diluted in normal saline solution and 10 |il of each 
suspension was spread plated on solid yeast extract matmitol (YEM) medium (Appendix 3) 
supplemented with 2.5 % Congo red. The plates were incubated at 28 ± 2 *^C for three to five 
days. The single colony was picked and streaked three times on the same medium to check 
the purity of the cultures. Isolated colonies were then maintained on the YEM agar medium 
at 4 °C until use. 
3.5 Isolation and screening of phosphate solubilizing microorganisms 
The phosphate solubilizing microorganisms were isolated from the rhizospheric soils of 
mustard and tomato, grown at the experimental fields of Faculty of Agricultural Sciences, A. 
M. U., Aligarh, using Pikovskaya agar medium (Appendix 2) by spread plate technique. One 
gram of soil sample was added to a flask containing 100 ml of normal saline solufion and 
was serially diluted. A 10 ^1 of each suspension was spread plated on solid Pikovskaya 
medium. Plates were incubated at 28 ± 2 "C for five to seven days. The colonies around 
which zones of insoluble phosphate solubilization developed within five to seven days were 
considered as phosphate solubilizers. The scheme adopted for the screening and isolation of 
phosphate solubilizing microorganisms is given in Fig 10. 
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Fig.lO. Strategies adopted for isolation and screening of phosphate solubilizing microorganisms 
Identification of the most effective plant growth promoting rhizobacterial strains 
The plant growth promoting rhizobacteria including phosphate soubilizers and 
nitrogen fixers were identified using morphological and biochemical tests. 
3.6 Morphological characteristics 
3.6.1 Gram staining reaction 
The isolated cultures were Gram stained (Appendix 4) and bacteria showing purple 
colour were grouped as Gram positive and those showing pinkish colour were 
grouped as Gram negative. 
3.6.2 Biochemical properties 
3.6.2.1 Indole, methyl red, Voges-Proskaur, citrate utilization and catalase 
reactions 
Using autoclaved nutrient broth (g/1: beef extract 3; peptone 5; pH 7), each test 
isolate was incubated at 28±2 °C for 24-48 h. After incubation, 2-3 drops of 
Kovac's reagent (Appendix 5) was added to broth and the formation of red ring was 
considered as indole positive reaction. Autoclaved MR-VP broth (g/1: peptone 7; 
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dextrose 5; potassium phosphate 5; pH 6.9) inoculated with each isolate was 
incubated at 28±2 °C for 24-48 h. Methyl red solution (Appendix 6) was added as 
indicator. The development of red colour was considered as methyl red positive. 
Furthermore, autoclaved MR-VP broth was inoculated with test organism and 
incubated at 28±2 ''C for 24-48 h. After incubation, Barrit's reagent (Appendix 7) 
was added and the development of red color was considered as a positive test for 
Voges-Proskaur. Autoclaved Simmon's citrate agar (Appendix 8) plates were spot 
inoculated with test isolates and incubated at 28±2 "C for 24-48 h. Change in colour 
from green to blue indicated citrate utilization. Test isolates were inoculated in 
nutrient broth and incubated at 28 ±2 °C for 24-48 h. A 3%, H2O2 was added and 
observed for bubble formation. 
3.6.2.2 Nitrate reduction, sugar fermentation, starch hydrolysis, gelatin 
hydrolysis and mannitol salt utilization 
Autoclaved trypticase nitrate broth (Appendix 9) tubes inoculated with test isolates 
were incubated at 28±2 C for 24-48 h. Five drops of solution A (Appendix 10) and 
few drops of solution B (Appendixll) were added and examined and formation of 
red colour indicated nitrate reduction. Autoclaved fermentation broth (Appendix 
12) supplemented with 5 g/1 each of glucose, sucrose and mannitol was inoculated 
with test isolates and incubated at 28±2 *^C for 24-48 h. Production of acid or acid 
with gas was observed for sugar fermentation test. Autoclaved starch agar plates 
(Appendix 13) were spot inculcated with test isolates and incubated at 28±2 "C for 
24-48 h. After incubation, plates were flooded with iodine solution. Clear zone of 
hydrolysis around the growth indicated starch hydrolysis. Tubes containing 
autoclaved nutrient broth amended with 12% gelatin, were inoculated with test 
isolates and incubated at 28±2 ^C for 48 h. After incubation, tubes were placed at 4 
C for 30 min. On refrigeration, liquefied tubes indicated positive test for gelatin 
hydrolysis. Each test organism was spot inoculated on autoclaved yeast extract 
mannitol agar plates (Appendix 3) and incubated at 28±30 '^ C for 24-48 h. Change in 
the colour from red to yellow indicated positive test for mannitol utilization. 
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3.7 Evaluation of bacterial strains for metal tolerance 
The isolated bacterial strains were tested for their sensitivity/resistance to six heavy metals 
viz; cadmium, chromium, nickel, lead, zinc and copper by agar plate dilution method (Holt 
et al., 1994) using nutrient agar for phosphate solubilizers and yeast extract mannitol agar 
for rhizobial strains. The freshly prepared agar plates amended with increasing concentration 
of cadmium (0-400 ^g/ml), chromium (0-500 ^ig/ml), nickel (0-500 |ag/ml), lead (0-1600 
Q 
|ag/ml), zinc (0-1600 |ag/ml) and copper (0-400 |ag/ml) were spot inoculated (10 i^l) with 10 
cells/ml. Plates were incubated at 28 ± 2 ° C for 72 h (for phosphate solubilizers) and for 3-5 
days (for nitrogen fixers) and the highest concentration of heavy metals supporting growth 
was defined as the maximum resistance level (MRL). Each experiment was replicated three 
times. 
3.8 Determination of antibiotic sensitivity 
To determine susceptibility to antibiotics, the plant growth promoting rhizobacteria 
including nitrogen fixers were tested for their sensitivity to ten antibiotics. The reactions to 
antibiotics were determined by the disc diffiision method (Bauer et al., 1966). The phosphate 
solubilizers and nitrogen fixers were grown in nutrient and YEM broth respectively, at 28 ± 
2 ° C for 24 h. A 0.1 ml of the over night grown culture was spread on the surface of yeast 
extract mannitol agar for nitrogen fixers and nutrient agar plates for phosphate solubilizers. 
The antibiotic discs of known potency were then placed on the agar surface and the plates 
were incubated at 28 ± 2 ° C for 24 h. The zones of inhibition around the antibiofic discs 
were measured and the strains were classified as resistant (R) , intermediate (I) and 
susceptible (S), following the standard antibiotic disc sensitivity testing method (DIFCO, 
1984) to the following antibiotics: ampicillin (25 |ig), chloramphenicol (25 |j.g), 
ciprofloxacin (30 |ag), cloxacillin (30 ^g), gentamycin (30 ^ig), methicillin (30 \ig), nalidixic 
acid (30 |ig), nitrofurantoin (100 ^g), streptomycin (25 ng) and tetracycline (30 \ig). 
3.9 Determination of plant growth promoting activities 
Plant growth promoting (PGP) activities of rhizobacteria were tested in vitro. The plant 
growth promoting activities including indole acetic acid (lAA) production, phosphate 
solubilization, siderophore, hydrogen cyanide and ammonia production were determined as 
discussed in the following section. 
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3.9.1 Quantitative assay of indole acetic acid 
Indole-3-acetic acid was quantitatively assayed by the method of Gordon and Weber, 
(1951), later modified by Brick et al., (1991). For this activity, the nitrogen fixing and 
phosphate solubilizing bacterial isolates were grown in Luria Bertani (LB) broth (g/1: 
tryptone 10; yeast extract 5; Nacl 10 and pH 7.5). Luria Bertani broth (100 ml) 
supplemented with 0, 20, 40, 60, 80 and 100 ^ig/ml of tryptophan was inoculated with 10^  
cells/ml of one ml culture of both nitrogen fixing and phosphate solubilizing bacterial 
isolates and was incubated for 24 h at 28 ± 2 "C with shaking at 125 rpm. After 24 h, five ml 
of each culture was centrifuged (10,000 rpm) for 15 min. and an aliquot of 2 ml supernatant 
was mixed with 100 |xl of orthophosphoric acid and 4 ml of Salkowsky reagent (2% 0.5M 
FeCb in 35% per-chloric acid) and incubated at 28 ± 2°C in darkness for Ih. The absorbance 
of pink color developed was read at 530 nm. The lAA concentration in the supernatant was 
determined using a calibration curve of pure lAA as a standard (Brick et al., 1991). The 
experiments were repeated three times on different time intervals. 
3.9.2 Detection and quantification of siderophore 
The nitrogen fixing and phosphate solubilizing bacterial strains were further assayed for 
siderophore production on the Chrome Azurol S (CAS) agar medium (Appendix 14) by the 
method of Alexander and Zuberer, (1991). Chrome Azurol S agar plates were prepared 
separately and divided into equal sectors and spot inoculated with 10 |il of 10 cells/ml and 
incubated at 28± 2°C for 72-96 h. Development of yellow orange halo around the growth 
was considered as positive for siderophore production. Each individual experiment was 
replicated three times. The siderophore produced by the test strains were further 
quantitatively assayed using Modi medium (K2 HPO4 0.05%; MgS04 0.04%; NaCl 0.01%; 
mannitol 1%; glutamine 0.1%; NH4NO3 0.1%). Modi medium was inoculated with 10^  cells/ 
ml of bacterial cultures and incubated at 28± 2 *^C for 5 days. Catechol type phenolates were 
measured on ethyl acetate extracts of the culture supernatant using a modification of the 
ferric chloride-ferricyanide reagent of Hathway. Ethyl acetate extracts were prepared by 
extracting 20 ml of supernatant twice with an equal volume of solvent at pH 2. Hathways 
reagent was prepared by adding 1 ml of 0.1 M ferric chloride in 0.1 N HCl to 100 ml of 
distilled water, and to this was then added 1 ml 0.1 M potassium ferricyanide (Reeves et al., 
1983). For the assay, one volume of the reagent was added to one volume of sample and 
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absorbance was determined at 560 nm for salicylates with sodium salicylate as standard and 
at 700 nm for dihydroxy phenols with 2, 3- dihydroxy benzoic acid as standard. 
3.9.3 Qualitative and quantitative assay of phosphate 
The bacterial strains showing phosphate solubilization during screening process were 
inoculated into Pikovskaya medium and incubated at 28 ± 2 °C for seven days and observed 
for halo formation. The colony forming a clear halo around the bacterial growth was 
considered phosphate solubilizers. The solubilization index (SI) of the phosphate 
solubilizing organism was calculated as- S.I= TCD- CD/ TCD 
Where TCD= Total colony diameter + Zone size; CD= colony diameter. 
The colony forming clear halo around bacterial growth indicating P solubilization as 
counted and further used to determine the relative P solubilizing efficiency (RPSE) in liquid 
Pikovskaya medium. For the quantitative measurement of P, 100 ml of Pikovskaya broth 
containing tricalcium phosphate (TCP) was inoculated with one mL of 10^ cells/ml of each 
culture. The flasks were incubated for seven days with shaking at 120 rpm at 28 ± 2 "C. A 
20 ml culture broth from each flask was removed and centriftiged (15000 rpm) for 30 min. 
and the amount of water soluble P released into the supernatant was estimated by the 
chlorostannous-reduced molybdophosphoric acid blue method (King, 1932; Jackson, 1967). 
To 10 ml of supernatant, 10 ml chloromolybdic acid (Appendix 15) and 5 drops of 
chlorostarmous acid (Appendix 16) was added and volume was adjusted to 50 ml with 
distilled water. The blue colour developed was read at 600 rmi. Amount of phosphate 
solubilized was calculated using the calibration curve of KH2PO4. The change in pH 
following TCP solubilization was also recorded. Each independent experiment was repeated 
twice after several subcultures. The bacterial isolates showing greater solubilization on both 
solid and liquid medium and the persistence of PS activity after several subcultures were the 
criteria for choosing the efficient PS strains for further studies. 
3.9.4 In vitro assay of hydrogen cyanide and ammonia 
Hydrogen cyanide production by bacterial isolates was detected by the method of Bakker 
and Schipper, (1987). For HCN production, the plant growth promoting rhizobial strains 
including nitrogen fixers were grown on an HCN induction medium (30 g tryptic soy broth, 
4.4 g glycine, 15 g agar/1) at 28 ± 2 ''C for four days. For each bacterial isolate, 100 \x\ of 
10 cells/ml was placed in the centre of the petri plates. A disk of Whatman filter paper No. 
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1 dipped in 0.5% picric acid and 2% Na2 CO3 was placed at the lid of the petri plates. Plates 
were sealed with parafilm. After four days incubation at 28 ± 2 ''C, an orange brown colour 
of the paper indicating HCN production was observed. For ammonia production, the PGPR 
strains were grown in peptone water (g/1: peptone 10 g, Na CI 5 g , pH 7) and incubated at 30 
± 2 °C for four days. One ml of Nessler reagent (Appendix 18) was added to each tube and 
the development of yellow color indicating ammonia production was recorded (Dye, 1962). 
3.10 Metal solubilization 
The zinc and lead solubilizing abilities of phosphate solubilizing bacterial strains were 
determined by the method of Francis and Dodge, (1986). To assess the metal solubilizing 
potential, the PGPR strains were inoculated separately into sterile nutrient broth containing 
300 i^ g/ml each of zinc oxide (ZnO) and chloride sahs of lead (PbCb) in 250 ml capacity 
flasks. The inoculated flasks were incubated at 28 ± 2 ^C for five days on a rotary shaker and 
were centrifuged at 3000g for 15 min. The supernatant was digested with nitric acid and the 
metal contents in the supematants were determined using flame atomic absorption 
spectrophotometer. 
3.11 Chromium reduction 
To assess the effect of pH on hexavalent chromium [Cr (VI)] reduction in vitro, the nutrient 
broth (NB) for phosphate solubilizers and yeast extract mannitol broth for nitrogen fixers 
was amended with 100 |ig/ml of Cr (VI) and the autoclaved medium was adjusted to pH 5, 
6, 7, 8 and 9 with IM HCL or IM NaOH and incubated at 28 ± 2 ° C for 120 h. Further, to 
assess the effect of different concentrations (0, 50,100 and 150 |ig/ml) of Cr (VI), the 
K2Cr207 were amended in NB or YEM broth and incubated at 28 ± 2 ° C for 120 h. For Cr 
(VI) reduction, one ml culture from each flask was centrifuged (6000 rpm) for 10 min. at 10° 
C and Cr (VI) in the supernatant was determined by 1,5 - diphenyl carbazide method (Eaton 
et al , 1992) upto 120 h. Briefly, the test samples were acidified (pH 1-2) and 1,5 diphenyl 
carbazide (50 |ig/ml) was added and Cr (VI) concentration was detected by 
spectrophotometer (spectronic 20D) at 540 nm. 
3.12 Growth of plant growth promoting rhizobacteria under increasing metal levels 
The culture flasks of 250 ml capacity containing 100 ml YEM (for nitrogen fixing bacteria) 
supplemented with different concentrafions of chromium (0, 50, 100 and 150 |ig/ml), nickel 
(0, 50, 100 and 150 ^g/ml), zinc (0, 300, 600 and 900 ^g/ml) and lead (0, 300, 600 and 900 
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|ig/ml) and nutrient broth (for phosphate solubilizers) amended with 0, 50, 100 and 150 
|ag/ml each of chromium and nickel and 0, 300, 600 and 900 |Lig/ml each of lead and zinc 
was used. Each flask was inoculated with one milliliter of 10^ cells/ml each of rhizobial and 
PSB strains, separately. Each treatment was repeated three times. Flasks were incubated for 
five days at 28 ± 2 ° C for both rhizobial and PSB strains using shaker incubator and change 
in growth was measured at intervals by spectrophotometry. 
3.13 Plant growth promoting activities of plant growth promoting rhizobacteria under 
metal stress 
3.13.1 Bioassay of indole acetic acid (lAA) 
The production of indole-3-acetic acid was quantitatively assayed by the method as 
discussed earlier. Nitrogen fixing and phosphate solubilizing bacteria were grown in LB 
broth supplemented with 0, 50, 100 and 150 |ig/ml each of chromium and nickel and 0, 300, 
600 and 900 |ig/ml each of lead and zinc except, for Rhizobium isolated from lentil nodules 
for which LB broth was supplemented with 0, 50, 100 and 150 |ig/ml, each of zinc and lead 
separately. A 100 ml of LB broth supplemented with 20, 60 and 100 ng/ml of tryptophan 
was inoculated with 10^  cells/ml of one ml culture of both N2 fixing and P solubilizing 
bacterial isolates and was incubated for 24 h at 28 ± 2 '^  C with shaking at 125 rpm. The lAA 
production by the isolated bacterial culture was determined as discussed earlier. 
3.13.2 Detection and quantification of siderophore 
The nitrogen fixing and phosphate solubilizing bacterial strains were assayed for 
siderophore production on the Chrome Azurol S (CAS) agar medium by the method of 
Alexander and Zuberer, (1991). Chrome azurol S agar plates supplemented with three 
concentrations each of chromium and nickel (0, 50, 100 and 150 |ag/ml) and lead and zinc 
(0, 300, 600 and 900 ng/ml) except Rhizobium isolated from lentil nodules where plates 
were supplemented with 0, 50, 100 and 150 ng/ml each of zinc and lead, were prepared 
separately and divided into equal sectors. The plates were spot inoculated with 100 |al of 10 
cells/ml of each isolate and incubated at 28± 2 °C for 72-96 h. Development of yellow 
orange halo around the growth on the plates supplemented separately with individual metal 
was considered as positive for siderophore production. Each individual experiment was 
replicated three times. The siderophore produced by the test strains were further 
quantitatively assayed using Modi medium supplemented with 0, 50, 100 and 150 |ag/ml of 
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chromium and nickel and 0, 300, 600 and 900 ng/ml of lead and zinc except for Rhizobium 
isolated from lentil nodules which was grown in Modi medium supplemented with 0, 50, 
100 and 150 |^ g/ml each of zinc and lead. Modi medium supplemented with different 
concentration of metals were inoculated with 10^ cells/ml of bacterial culture and incubated 
at 28± 2 °C for 5 days. The process used for quantitative detection of catechol siderophore 
synthesized by the test isolates under metal stress was similar to those as discussed earlier. 
3.13.3 Qualitative and quantitative assay of phosphate 
Pikovskaya medium supplemented with different concentration of chromium and nickel (0, 
50, 100 and 150 |Lig/ml) and lead and zinc (0, 300, 600 and 900 |ig/ml) were inoculated with 
isolated bacterial strains showing phosphate solubilization on Pikovskaya medium and 
incubated at 28 ± 2 ^C for seven days and observed for halo formation. The procedure for 
quantitative estimation of phosphate was similar to those as discussed earlier except that the 
Pikovskaya medium was supplemented with three concentrations each of chromium and 
nickel (0, 50, 100 and 150 ng/ml) and lead and zinc (0, 300, 600 and 900 \iglm\). For 
quantitative measurement of phosphate, 100 ml of Pikovskaya broth in 250 ml of flasks 
supplemented separately with the three concentrations of the test metal was inoculated with 
one ml of 10 cells/ml of each culture. The flasks were incubated for seven days with 
shaking at 120 rpm at 28 ± 2 °C. 
3.13.4 In vitro assay of hydrogen cyanide and ammonia under metal stress 
Nitrogen fixing and phosphate solubilizing bacterial isolates were also screened for the 
synthesis of hydrogen cyanide by adopting the method of Bakker and Schipper, (1987). 
Briefly, the selected isolates were grown on an HCN induction medium supplemented with 
three concentrations each of chromium and nickel (0, 50, 100 and 150 |ag/ml) and lead and 
zinc (0, 300, 600 and 900 |ig/ml) except Rhizobium isolated from lentil nodules where plates 
were supplemented with 0, 50, 100 and 150 ng/ml each of zinc and lead, and was incubated 
at 28 ± 2 C for four days. The bacterial cultures were also tested for the production of 
ammonia in peptone water supplemented separately with different concentrations each of Cr 
(VI) and Ni (0, 50, 100 and 150 ng/ml) and Pb and Zn (0, 300, 600 and 900 |ig/ml) except 
Rhizobium isolated from lentil nodules where the peptone water was supplemented with 0, 
50, 100 and 150 \iglm\ each of zinc and lead. The process for the determination of HCN and 
ammonia was similar as discussed earlier. 
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3.14 Heavy metal toxicity to legumes 
The experiment was conducted to evaluate the toxic effects of single or combination of 
metals on inoculated chickpea (var. avrodhi), lentil (var. malka), greengram (var. K851), and 
pea (var. arkil), grown under pot house conditions. 
3.14.1 Microbial inoculations, metal treatments and plant culture 
Seeds of the commonly grown legumes, viz. chickpea, lentil, greengram and pea were 
obtained from Indian Agricultural Research Institute (lARI), Pusa, New Delhi, India. 
Nitrogen fixing organisms specific to chickpea {Mesorhizobium sp.), lentil {Rhizobium sp.), 
greengram [Bradyrhizobium sp. (vigna)] and pea {Rhizobium sp.) were grown in yeast 
extract mannitol broth in flasks shaken at 150 rpm at 28 ± 2 ° C for six days to a cell density 
of 6 X 10^ cells/ml. Seeds of each legume were surface sterilized (Vincent, 1970) with 70% 
ethanol, 3 min.; 3% sodium hypochlorite, 3 min. rinsed six times with sterile water and 
dried. The sterile seeds were inoculated with rhizobial culture specific to each legume by 
soaking the seeds in liquid culture medium for two hours using 10% gum Arabic as an 
adhesive agent to deliver = 10 cells/seed. Heavy metals were evaluated at half (0.5 x), 
normal (1 x) and double (2 x) the normal concentrations. The normal concentrations of 
metals used were (mg/kg soil): cadmium 12, chromium 68, nickel 290, lead 195, zinc 4890 
and copper 669. The normal concentrations of each metal were comparable to those detected 
in sewage treated soils used for chickpea, lentil, greengram and pea cultivation. The chloride 
salts of Cd (CdCl2.2H20; Cd activity 98%; Hi media laboratories, Pvt, Ltd, Mumbai, India), 
Cr (VI) (KaCraOy; Cr activity 99.5%; Qualigens Mumbai, India), Ni (NiCb. 6H2O; Ni 
activity 97%; Qualigens Mumbai, India), Pb (PbCb; Pb activity 98%; Merck India Ltd.), Zn 
(ZnCb; Zn activity 97%; Central drug house. New Delhi, India) and Cu (CUCI2.2H2O; Cu 
activity 98%; Qualigens, Mumbai, India) were dissolved in distilled water and applied to 
moist soil before sowing the inoculated seeds in 25 x 22 cm diameter clay pots. These 
metals were used singly or in combination as presented in Table 9. Some pots without heavy 
metal but inoculated with rhizobial culture were used as control for comparison. All 
treatments received N; P; K fertilizers at rates of 20: 50: 50 for chickpea; 20: 40: 40 for 
greengram; 20: 50: 50 for lentil and pea. Nitrogen was applied as urea, P as diammonium 
phosphate and K as muriate of potash. All fertilizers were dissolved in distilled water and 
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Table. 9. M 
Legumes 
Chickpea 
Lentil 
Greengram 
Pea 
etal treatment: 
Treatment 
No. 
Tl 
T2 
T3 
T4 
T5 
T6 
T7 
T8 
T9 
TIO 
Ti l 
T12 
T13 
T14 
T15 
T16 
T17 
Tl 
T2 
T3 
T4 
T5 
T6 
T7 
Tl 
T2 
T3 
T4 
T5 
T6 
T7 
Tl 
T2 
T3 
T4 
T5 
T6 
T7 
s applied to soils 
Metals applied 
Cd 
Cr 
Ni 
Pb 
Zn 
Cu 
Cd+Cr 
Cd+Ni 
Cd+Pb 
Cr+Ni 
Cr+Pb 
Cr+Zn 
Ni+Pb 
Ni+Zn 
Cd+Cr+Ni 
Pb+Zn+Cu 
Dose rate (mg/kg soil) 
Half (0.5 X) 
6 
34 
145 
97.5 
2445 
334.5 
6+34 
6+145 
6+97.5 
34+145 
34+97.5 
34+2445 
145+97.5 
145+2445 
6+34+145 
97.5+2445+334.5 
Control (without metal) 
Cd 
Cr 
Cu 
Cd+Cr 
Cd+Cu 
Cr+Cu 
6 
34 
334.5 
6+34 
6+334.5 
34+334.5 
Control (without metal) 
Cd 
Cr 
Cu 
Cd+Cr 
Cd+Cu 
Cr+Cu 
6 
34 
334.5 
6+34 
6+334.5 
34+334.5 
Control (without metal) 
Cd 
Cr 
Cu 
Cd+Cr 
Cd+Cu 
Cr+Cu 
6 
34 
334.5 
6+34 
6+334.5 
34+334.5 
Control (without metal) 
Normal (Ix) 
12 
68 
290 
195 
4890 
669 
12+68 
12+290 
12+195 
68+290 
68+195 
68+4890 
290+195 
290+4890 
12+68+290 
195+4890+669 
12 
68 
669 
12+68 
12+669 
68+669 
12 
68 
669 
12+68 
12+669 
68+669 
12 
68 
669 
12+68 
12+669 
68+669 
Double (2x) 
24 
136 
580 
390 
9780 
1338 
24+136 
24+580 
24+390 
136+580 
136+390 
136+9780 
580+390 
580+9780 
24+136+580 
390+9780+1338 
24 
136 
1338 
24+136 
24+1338 
136+1338 
24 
136 
1338 
24+136 
24+1338 
136+1338 
24 
136 
1338 
24+136 
24+1338 
136+1338 
added to soil surface at the time of sowing the legumes. Ten inoculated seeds were sown in 
clay pot containing 10 kg non-sterilized sandy clay loam soil (Organic C 0.4 %, Kjeldahl N 
0.75 g/kg, Olsen P 16 mg/kg, cation exchange capacity 11.7 cmol/kg, anion exchange 
capacity 5.1 cmol/kg, pH 7.2 and WHC 0.44 ml/g, Cd 0.2 ^g/g, Cr 6.3 [ig/g, Ni 10.8 |ig/g, 
Zn 19.2 ^g/g, Pb 8.1 |j,g/g and Cu 12.2 |ig/g).There was no use of sewage on the soil used in 
this study. The pots were arranged in a completely randomized design with 17 treatments for 
chickpea and 7 treatments each for lentil, greengram and pea. Each treatment of three metal 
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concentrations was replicated nine times for chickpea and six times each for pea, lentil and 
greengram. Plants in each pot were thinned to three plants 10, 10, 7 and 7 days after 
emergence (DAE) of chickpea, lentil, greengram and pea, respectively. Seeds were sown on 
October 30, 2004 (chickpea), November 10, 2004 (lentil), March 7, 2005 (greengram) and 
November 5, 2005 (pea). The pots were watered with tap water when required and were 
maintained in open field conditions. These experiments were conducted for two consecutive 
years with the identical environmental conditions and with the same metal treatments to 
ensure the reproducibility of the results. 
3.15 Parameters measured 
3.15.1 Biomass production and symbiotic development 
All plants in three pots for each treatment were removed at 60, 90 and 135 days after 
seeding (DAS) of chickpea, 90 and 120 DAS for pea and lentil and 50 and 80 DAS for 
greengram, respectively. The plants were used for destructive plant analysis to record the 
extent of nodulation. The roots were careftally washed and nodules produced on the root 
systems of each legume were detached, counted, oven dried at 80 "C and weighed. 
Plant growth, such as length of roots and shoots, dry weights of root and shoot and total dry 
plant biomass of all the four legumes was recorded at each sampling dates. Plants uprooted 
at all the sampling intervals were oven dried at 80 V to measure the total plant biomass. The 
leghaemoglobin content in fresh nodules recovered from the root system of each legume 
crop raised under metal stress and metal free conditions (control) was quantified at 60 and 
90 DAS for chickpea, 90 DAS for pea and lentil and 50 DAS for greengram, respectively, 
by the method of Sadasivam and Manickam, (1992). Fresh nodules were macerated with the 
help of mortar and pestle in 5 ml sodium phosphate buffer (pH 7.4) (Appendix 18) and 
filtered through two l^ers of cheese cloth. The nodule debris was discarded. The turbid 
reddish brown filtrate was clarified by centrifugation at 10000 g for 30 min. The supernatant 
was diluted to 10 ml with sodium phosphate buffer (pH 7.4). The extract was divided 
equally into two glass tubes (5 ml /tube) and equal amount of alkaline pyridine reagent 
(Appendix 19) was added to each tube. The haemochrome formed was read at 556 and 539 
nm after adding a few crystals of potassium hexacyanoferrate and sodium dithionite, 
respectively. The leghaemoglobin content was calculated using the formula-
Leghaemoglobin content (mM) = A556 - A539 x 2D/23.4; where D is the initial dilution. 
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The remaining three pots of each treatment were maintained until harvest i.e. 135, 120, 120 
and 80 DAS for chickpea, pea, lentil and greengram, respectively. 
3.15.2 Total chlorophyll and nitrogen contents 
The total chlorophyll contents in fresh foliage of each experimental legume crop was 
quantified at 60 and 90 DAS (chickpea), 90 DAS (pea and lentil) and 50 DAS (greengram) 
by the method of Amon, (1949). Briefly, one gram of fresh leaves of each legume were 
grinded in 40 ml of 80% acetone with the help of mortar and pestle. The suspension was 
decanted in buchner funnel having Whatman filter paper No. 1. The residue was ground 
three times with 30, 20 and 10 ml of acetone, respectively and suspension was filtered again. 
Contents in mortar-pestle was washed with 80% acetone and filtered. The filtrate was 
transferred to 100 ml volumetric flask and volume was made upto 100 ml. The absorbance 
was read at 645 and 663 nm using spectronic 20D spectrophotometer. The total chlorophyll 
content was calculated by the formula:-
Total chlorophyll = 20.2 (O.D. at 645 nm) + 8.02 (O.D. at 663 nm) x V/1000 x W 
Where V= final volume of chlorophyll extract in 80% acetone and W= fresh weight of tissue 
extracted. 
The total nitrogen content of roots and shoots were measured at 60, 90 and 135 (chickpea), 
90 and 120 (lentil and pea) and 50 and 80 DAS (greengram) by the micro-Kjeldahl method 
of Iswaran and Marwah, (1980). Briefly, 50 ml of the sample was taken in the Kjeldahl 
flask, moistened with 5 ml water, containing 15 ml N/100 ml H2 SO4 and shaken 
thoroughly. This was followed by the addition of N KMn04 in small amount untill pink 
color appeared. The catalyst mixture (3 g K2SO4, 0.3 g FeS04. 5 H2O and 0.15 g CUSO4. 
5H2O) was then added and sample was digested for 30 min. on low flame untill the mixture 
became yellowish green. 
3.15.3 Seed yield and grain protein 
Chickpea, pea, lentil and greengram were finally harvested at 135, 120, 120 and 80 DAS, 
respectively, and seed yield was measured. The protein content in grains of each legume was 
estimated by the method of Lowrey, (1951). For protein estimation in grains, 500 mg of 
seeds were soaked in phosphate buffer (pH 7.4) and ground finely in 5-10 ml phosphate 
buffer (pH 7.4). The extract was centrifiiged (4000 rpm) and the supernatant was used for 
protein analysis. A 0.2 ml aliquot was taken from the sample extract and the volume was 
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made upto one ml in each test tube, followed by addition of 5 ml copper solution (Appendix 
20) to each test tube. Each sample was mixed well and allowed to stand for 10 min. and 0.5 
ml Folins reagent (Appendix 21) was added to each test tube and incubated at room 
temperature for 30 min. Absorbance of blue colour was read at 660 nm. The protein 
concentration in the supernatant was determined using a calibration curve of bovine serum 
albumin (BSA) as a standard. 
3.15.4 Determination of antioxidant enzyme 
The antioxidant enzyme, glutathione reductase (GR) was determined in roots and nodules of 
only pea and lentil plants raised in metal stressed and metal free soil, at 90 and 120 DAS for 
both pea and lentil, by the method of Schaedle and Bassham, (1977). Briefly, the roots and 
nodule samples were homogenized in two ml of 50 mM Tris HCl (pH 7.6) at 4 "C. The 
homogenate was centrifuged (50000 x g) for 30 min. and the supernatant fraction was 
filtered with the same buffer used for the homogenization and the GR activity was 
measured. The reaction mixture for determination of GR activity contained 50 mM Tris-HCl 
(pH 7.6), 0.15 mM NADPH, 0.5 mM GSSG, 3 mM MgCli and 0-300 \i\ of the crude 
enzyme extract. NADH oxidation was followed at 340 nm. 
3.15.5 Phytoaccumulation of heavy metals 
The metal content in roots, shoots and grains of each legume crop was measured at different 
sampling periods as given in Table 10 
Table. 10. Accumulation of heavy metals measured at different stages of growth in 
plant organs of tested legumes grown in metal treated soils, 
legumes 
Chickpea 
Pea 
Lentil 
Greengram 
SODAS 
-
-
-
Root, 
shoot 
60 DAS 
Root, 
shoot 
-
-
-
Plant organs used at 
SODAS 
-
-
-
Root, 
shoot, grain 
90 DAS 
Root, 
shoot 
Root, 
shoot 
Root, 
shoot 
-
120 DAS 
-
Root, 
shoot, grain 
Root, 
shoot, grain 
-
135 DAS 
Root, 
shoot, 
-
-
-
grain 
Metals 
determined 
Cd, Cr, N 
Pb, Zn, Cu 
Cd, Cr, Ni 
Cd, Cr, Ni 
Cd, Cr, Ni 
The organ tissues and grains were digested in nitric acid and perchloric acid (4:1) following 
the method of Ouzounidou et al., (1992) and heavy metal concentration were determined 
using flame atomic absorption spectrophotometry. 
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made upto one ml in each test tube, followed by addition of 5 ml copper solution (Appendix 
20) to each test tube. Each sample was mixed well and allowed to stand for 10 min. and 0.5 
ml Folins reagent (Appendix 21) was added to each test tube and incubated at room 
temperature for 30 min. Absorbance of blue colour was read at 660 nm. The protein 
concentration in the supernatant was determined using a calibration curve of bovine serum 
albumin (BSA) as a standard. 
3.15.4 Determination of antioxidant enzyme 
The antioxidant enzyme, glutathione reductase (GR) was determined in roots and nodules of 
only pea and lentil plants raised in metal stressed and metal free soil, at 90 and 120 DAS for 
both pea and lentil, by the method of Schaedle and Bassham, (1977). Briefly, the roots and 
nodule samples were homogenized in two ml of 50 mM Tris HCI (pH 7.6) at 4 "C. The 
homogenate was centrifuged (50000 x g) for 30 min. and the supernatant fraction was 
filtered with the same buffer used for the homogenization and the GR activity was 
measured. The reaction mixture for determination of GR activity contained 50 mM Tris-HCl 
(pH 7.6), 0.15 mM NADPH, 0.5 mM GSSG, 3 mM MgCli and 0-300 |al of the crude 
enzyme extract. NADH oxidation was followed at 340 nm. 
3.15.5 Phytoaccumulation of heavy metals 
The metal content in roots, shoots and grains of each legume crop was measured at different 
sampling periods as given in Table 10 
Table. 10. Accumulation of heavy metals measured at different stages of growth in 
plant organs of tested legumes grown in metal treated soils, 
legumes 
Chickpea 
Pea 
Lentil 
Greengram 
SODAS 
-
-
-
Root, 
shoot 
60 DAS 
Root, 
shoot 
-
-
-
Plant organs used at 
SODAS 
-
-
-
Root, 
shoot, grain 
90 DAS 
Root, 
shoot 
Root, 
shoot 
Root, 
shoot 
-
120 DAS 
-
Root, 
shoot, grain 
Root, 
shoot, grain 
-
135 DAS 
Root, 
shoot, 
-
-
-
grain 
Metals 
determined 
Cd, Cr, Ni, 
Pb, Zn, Cu 
Cd, Cr, Ni 
Cd, Cr, Ni 
Cd, Cr, Ni 
The organ tissues and grains were digested in nitric acid and perchloric acid (4:1) following 
the method of Ouzounidou et al., (1992) and heavy metal concentration were determined 
using flame atomic absorption spectrophotometry. 
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agent to deliver approximately 10^  cells/seed for rhizobia and 10"^  cells/seed for Bacillus. 
The non-coated sterilized seeds used as control were soaked in sterile water only. The non-
inoculated and inoculated seeds (10 seeds per pot) were sown on October 30, 2004 
(chickpea), November 10, 2004 (lentil), March 7, 2005 (greengram) and November 5, 2005 
(pea) in clay pots (25 cm high, 22 cm internal diameter) using three kg unsterilized soil with 
control and three treatments. Treatments for each crop and metals were as foUows-
1. Chickpea inoculated with and without strain RC3 and PSBIO were grown in soils treated 
individually with 34, 68 and 136 mg /kg of chromium 
2. Greengram inoculated with and without strain RMS were grown in soils treated 
individually with 145, 290 and 580 mg/kg of Ni and 2445, 4890 and 9780 mg/kg of Zn 
3. Lentil: inoculated with and without strain RL9 were grown in soils treated individually 
with 145, 290 and 580 mg/kg of Ni; 97.5, 195 and 390 mg/kg of Pb and 2445, 4890 and 
9780 mg/kg of Zn 
4. Pea inoculated with and without strain RP5 were grown in soils treated individually with 
145, 290 and 580 mg /kg of Ni and 2445, 4890 and 9780 mg /kg of Zn. 
The normal concentrations of metals used in this study were similar to those used for 
phytotoxicity evaluation against each legume. The quantity of fertilizers and their mode of 
applications were same as used during the phytotoxicity trials. Each treatment was replicated 
nine times for chickpea while for lentil, pea and greengram, each treatment was replicated 
six times and were arranged in a completely randomized design. Plants in each pot were 
thinned to three plants 10, 10, 7 and 7 days after emergence (DAE) of chickpea, lentil, 
greengram and pea, respectively. The pots were watered with tap water when required and 
were maintained in open field conditions. All treatments were repeated the following year 
with the identical environmental conditions to ensure the reproducibility of the results. 
Three pots having three plants per pot for each treatment were removed at 90 and 135 days 
after seeding (DAS) for chickpea, 50 and 80 DAS for greengram, and 90 and 120 DAS for 
pea and lentil, respectively. The roots were carefully washed and nodules produced on the 
root system of each legume were detached, counted, oven dried (at 80 '^ C) and weighed. 
Plant growth such as the length of roots and shoots and dry matter accumulation in roots, 
shoots and whole plants was recorded at each sampling intervals. The remaining three pots 
for each treatment, having three plants per pot were maintained until harvest. The total N 
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content in roots and shoots for all the legume crops were measured at each sampling day by 
the micro-Kjeldahl method (Iswaran and Marwah, 1980). The total chlorophyll contents in 
fresh foliage of each legumes grown in metal stressed soil was quantified at 90 DAS for 
chickpea, pea and lentil and 50 DAS (greengram) by the method as discussed earlier. The 
leghaemoglobin content in fresh nodules recovered from the root system of each legume 
crop raised under metal stressed and metal free soils (control) was quantified at 90 DAS for 
chickpea, pea and lentil and 50 DAS for greengram, respectively, by the method as 
discussed earlier. Seed yield and grain protein in chickpea, pea, lentil and greengram were 
estimated at harvest (Lowrey, 1951). Glutathione reductase activity was also determined in 
roots and nodules of pea and lentil plants raised in metal stressed and metal free soil at 90 
and 120 DAS for both legumes by the method of Schaedle and Bassham, (1977), as 
discussed earlier. Metal contents in plant organs (roots, shoots and grains) of chickpea, pea, 
lentil and greengram was determined by the method of Ouzounidou et al., (1992). For 
chickpea, only chromium; for pea and greengram, nickel and zinc and for lentil, nickel, lead 
and zinc was determined in each plant organ. Data of the measured parameters recorded for 
two years were pooled together and subjected to analysis of variance (ANOVA) for two 
factor pot culture experiment i.e. inoculation and metal concentration, and significant partial 
difference (LSD) was calculated at 5% probability level. 
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Results 
.^^ ,^.-r*r..7,>s. ^ 
4.1 Total heavy metal concentration in soils \v ^ ^ ^ ^ _^^ /^ 
Heavy metal in polluted soils of Mathura Road and Exhibitiori~^fQi&|ilElig9*'^3>id non-
polluted soils of Faculty of Agricultural Sciences, AMU, Aligarh was determined by atomic 
absorption spectrophotometer. The heavy metal concentrations in polluted soils of Mathura 
Road (SI) were (mg/kg soil): Cd 11.5; Cr 67.5; Ni 290.1; Zn 4890; Cu 669.1 and Pb 195. The 
heavy metals determined in contaminated soils of Exhibition ground (S2) included (mg/kg 
soil): Cd 9.8; Cr 64.2; Ni 334; Zn 3550; Cu 535 and Pb 191. In comparison, the heavy metal 
concentration of the conventional cultivated soils of Faculty of Agricultural Sciences (S3) were 
Ni 10.8 mg/kg, Pb 8.1 mg/kg, Zn 19.2 mg/kg, Cr 6.3 mg/kg, Cu 12.2 mg/kg and Cd 0.2 mg/kg 
(Table 11). 
4.2 Microbial diversity of polluted and non-polluted soils 
The rhizospheric soils of chickpea, greengram and brinjal (SI); chickpea, greengram, lentil and 
pea (S2) and mustard and tomato (S3) were subjected to microbial analysis (Table 12). The 
viable counts of bacteria, fungi and phosphate solubilizing microorganisms (PSM) differed 
among rhizospheric soils. Generally, the microbial populations were less in polluted soils (SI 
and S2) compared to non-polluted soils (S3). The bacterial populations in the rhizosphere of 
chickpea, greengram and brinjal (SI) were 265 X 10^ 309 X 10^  and 377 x 10^  CFU/g soil, 
respectively. The metal polluted soils of chickpea, greengram, lentil and pea (S2) showed 
bacterial population of 380 x 10\ 320 x 10^ 302 x 10' and 298 x 10^  CFU/g soil, respectively. 
In contrast, the rhizospheric soils of mustard and tomato (S3) had a viable bacterial count of 
840 X 10^  and 752 x 10^  CFU/g soil, respectively. The fungal population in all the rhizospheric 
soils ranged between 11 x 10 (S2) to 25 x 10'* CFU/g soil (S3). In general, the phosphate 
solubilizing bacteria (PSB) were found to more than the phosphate solubilizing fungi (PSF) in 
both polluted (SI and S2) and non-polluted (S3) soils of Aligarh (Table 17). Among all the 
rhizosphere soils, population of PSB (6 x 10"'' CFU/g soil) and PSF (3 x 10"' CFU/g soil) was 
greater in the rhizosphere of mustard (Plate IC). Neither PSB nor PSF were recovered from 
lentil rhizosphere (S2) while PSF were not detected in the rhizospheric soils of greengram, 
grown in both SI and S2 soils. 
4.3 Characterization of nitrogen fixing and phosphate solubilizing bacteria 
In the present study, a total of 50 strains each of Mesorhizobium, Bradyrhizobium and 
Rhizobium were isolated from the nodules of chickpea, greengram, lentil and pea crop using 
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yeast extract mannitol agar plates. Moreover, 50 strains of phosphate solubilizing bacteria were 
isolated from the rhizospheric soils of mustard and tomato. Of these bacterial strains, 20% of 
Mesorhizobium spp. (chickpea), 28% each of Bradyrhizobium spp. (greengram) and Rhizobium 
spp. (pea), 30% of Rhizobium spp. (lentil) and 20% of phosphate solubilizers were selected for 
assaying the plant growth promoting activities. The isolated bacterial cultures showed a 
variable morphological and biochemical characteristics (Table 13). Generally, the rhizobial 
strains were Gram negative while phosphate solubilizers were both Gram positive and negative. 
Rhizobial strains in general were positive to all the biochemical reactions except voges 
proskauer, indole, gelatin and methyl red test. Among the phosphate solubilizers, Gram 
negative strains of phosphate solubilizing bacteria showed negative activity towards methyl 
red, voges proskauer, starch hydrolysis, triple sugar iron agar, mannitol and sucrose utilization. 
4.4 Functional diversity among plant growth promoting rhizobacteria 
Of the total 200 nitrogen fixers and 50 phosphate solubilizers, a total of 53 nitrogen fixers and 
10 phosphate solubilizers were screened for their multiple plant growth promoting (PGP) traits. 
The mesorhizobial strains were grouped into four PGP groups (Table 15). The PGP group I 
included 30% of strains which showed four PGP traits (i.e. production of ammonia, hydrogen 
cyanide, siderophore and indole acetic acid) followed by PGP group II, which had 40% of 
strains positive to ammonia, HCN and lAA. In PGP group III, 20% of strains exhibited a 
positive reaction to ammonia and lAA, while PGP group IV contained only one strain 
{Mesorhizobium RCIO) and displayed the synthesis of indole acetic acid only. Similarly, 
Rhizobium strains isolated from pea nodules were grouped into four PGP groups (Table 16). 
The PGP group I contained two isolates {Rhizobium RP5 and RP7) and displayed four PGP 
traits (i.e. ammonia, HCN, siderophore and lAA production). This was followed by group II, 
which had only one strain (RP3) and was positive for ammonia, siderophore and indole acetic 
acid. The group III contained 22% of the strains which were found to be positive for ammonia, 
hydrogen cyanide and indole acetic acid. A total of 51% of the strains of group IV were 
positive for ammonia and indole acetic acid. Bradyrhizobium strains were grouped into two 
PGP groups (Table 17). The PGP group I contained 21% of isolates and showed ammonia, 
HCN, siderophore and lAA synthesis (four PGP traits). This was followed by group II which 
included 19% of strains, positive for ammonia and indole acetic acid. Rhizobium strains 
isolated fi-om lentil nodules were grouped into four PGP groups (Table 18). The PGP group I 
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contained four (26.7%) isolates and showed four PGP traits (ammonia, HCN, siderophore and 
IA A) while the group II included only one strain (Rhizobium RL3) which was positive for 
ammonia, siderophore and indole acetic acid. The group III contained 6.7% of the strains which 
were positive to ammonia, hydrogen cyanide and indole acetic acid. The group IV contained 
60% of the strains which were positive for ammonia and indole acetic acid only. Similarly, 
phosphate solubilizing bacterial strains were grouped into four PGP groups (Table 19). The 
PGP group I contained three (30%) isolates with five PGP traits (ammonia, HCN, siderophore, 
lAA and phosphate solubilization) while group II had only five strains which were positive for 
ammonia, siderophore, indole acetic acid and phosphate solubilization. The group III contained 
10% of the strains which were found to be positive for ammonia, hydrogen cyanide, indole 
acetic acid and phosphate solubilization. Strain PSB9 of group IV was found to be positive for 
ammonia, indole acetic acid and phosphate solubilization. 
4.5 Tolerance of plant growth promoting rhizobacteria to metals and antibiotics 
The selected plant growth promoting rhizobacterial strains were tested for their ability to 
tolerate various concentrations of heavy metals like cadmium, chromium, nickel, lead, zinc and 
copper using agar plate dilution method. Generally, the PGPR strains showed a varied level of 
tolerance to heavy metals. Among the Mesorhizobium strains, strain RC3 showed highest 
tolerance to most of the metals (Fig. 11). Strain RC3 tolerated a concentration of 400, 500, 500, 
1500, 1500 and 400 |ig/ml of cadmium, chromium, nickel, lead, zinc and copper, respectively, 
amended in agar plates whereas strain RC4 showed a tolerance level of 400, 400, 400, 1400, 
1400 and 300 |j.g/ml to cadmium, chromium, nickel, lead, zinc and copper, respectively, added 
to solid plates. In contrast, strain RP5 (Fig. 12), RMS (Fig. 13) and RL 9 (Fig. 14) of Rhizobium 
spp. (pea), Bradyrhizobium spp. and Rhizobium spp. (lentil), respectively, showed highest 
tolerance to most of the metals. Of these, strain RP5 showed a higher tolerance to cadmium 
(250 ^g/ml), chromium (350 Mg/ml), nickel (350 Mg/ml), lead (1200 ^ig/ml), zinc (1500 ^g/ml) 
and copper (200 |ag/ml). Out of the 15 strains of Rhizobium isolated from lentil nodules, strain 
RL9 tolerated cadmium, chromium, nickel, lead, zinc and copper to a level of 300, 400, 500, 
1400, 1000 and 300 |ig/ml, respectively (Fig. 14), while strain RMS showed a high tolerance of 
75 |ag/ml to cadmium, 200 |ag/ml to chromium, 300 ng/ml to nickel, 1300 \i.glm\ to lead, 1500 
|ig/ml to zinc and 100 |ig/ml to copper (Fig. 13). In comparison, among the phosphate 
solubilizers, the Bacillus spp. PSBl, PSB7 and PSB 10, tolerated most of the tested metals (Fig. 
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15). Bacillus PSBl showed a higher tolerance to cadmium, nickel and copper (400 \ig/ml for 
each metal), chromium (500 p.g/ml) and 1400 \ig/ml each to lead and zinc, strain PSB7 showed 
a higher tolerance to cadmium and nickel (300 |ig/ml for each metal), chromium and copper 
(400 i^ g/ml for each metal), 1600 i^g/ml to lead and 1400 |xg/ml to zinc whereas PSBIO 
displayed a higher tolerance of 300 |ig/ml each to cadmium and copper, 550 ng/ml to 
chromium, 400 ^g/ml to nickel, 1600 }ig/ml to lead and 1400 ng/ml to zinc. 
The reaction to antibiotics among metal tolerant rhizobacterial strains differed 
considerably (Table 14). Among Mesorhizobium spp, 33% strains were resistant to both 
nitrofurantoin and methicillin while 33% Rhizohium spp. isolated from lentil nodules showed 
resistance towards nalidixic acid and ampicillin. Among the bradyrhizobial isolates, only one 
isolate (RMS) was resistant to ampicillin. In comparison, none of the strains of Rhizobium, 
isolated from pea nodules were resistant to any antibiotic tested. Among the phosphate 
solubilizers. Bacillus PSB7 showed resistance to nalidixic acid (30 fig/disc) (Table 14). 
4.6 Bioassay of plant growth promoting activities 
The plant growth promoting (PGP) substances like lAA, phosphate solubilization, siderophore, 
hydrogen cyanide and ammonia synthesized by the selected PGPR strains were assayed both 
qualitatively and quantitatively under in vitro experiments and are explained in the following 
section. 
4.6.1 Indole acetic acid 
The production of lAA by the selected bacterial strains was assayed in LB broth supplemented 
with different concentrations of tryptophan and is given in Table 20-24. The Mesorhizobium 
spp. exhibited a substantial production of lAA after 24 h of incubation (Table 20). Moreover, 
the data revealed a concentration dependent increase in lAA, the maximum being 34.5, 30.6, 
27.9, 26.5, 23.5 and 10.9 i^g of lAA/ml in LB broth supplemented with 100, 80, 60, 40, 20 and 
0 (without tryptophan) |ig tryptophan /ml, respectively, by strain RC3. This was followed by 
strain RC4, which produced a maximum amount of 34.2, 29, 27.3, 26.1, 23.1 and 10.4 |j.g 
lAA/ml in LB broth supplemented with 100, 80, 60, 40, 20 and 0 \xg tryptophan /ml, 
respectively. While comparing the effect of various concentrations of tryptophan on lAA 
production by the mesorhizobial strains, 100 ^g/ ml tryptophan showed a significant (P < 0.05) 
increase of 229 and 18% in lAA over 20 and 80 \i%l ml tryptophan, respectively, by the strain 
RC4. Among the Rhizobium (pea) isolates, strain RP5 produced a maximum amount of 20.9, 
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17.9,11.8, 9.7, 5.8 and 3.9 ng lAA/ml in LB broth supplemented with 100, 80, 60, 40, 20 and 0 
l^ g tryptophan /ml, respectively (Table 21). This was followed by strain RP7 which produced a 
maximum amount of 22.7, 18.8, 12.3, 7.9, 5.6 and 3.8 i^g lAA/ml in LB broth supplemented 
with 100, 80, 60, 40, 20 and 0 mg tryptophan /ml, respectively. Among the various 
concentrations of tryptophan, 100 |ag/ ml tryptophan increased the lAA synthesis significantly 
(P < 0.05) by 305 and 21% over 20 and 80 \ig/ ml tryptophan, respectively, by the strain RP7. 
Bradyrhizobium strains used in this study also produced a significant amount of lAA, the 
maximum being 13.3, 10.2, 7.3, 6.2, 4.7 and 3.6 |ag of lAA when strain RMS was grown in LB 
broth having 100, 80, 60, 40, 20 and 0 |ag/ml of tryptophan, respectively (Table 22) which was 
followed by strain RM2 that produced a substantial amount of 12.5, 9.5, 7.2, 5.8, 3.2 and 2.4 ^g 
lAA/ml in LB broth supplemented with 100, 80, 60, 40, 20 and 0 i^g tryptophan /ml, 
respectively. A significant increase of 291 and 32% in lAA by strain RM2 was observed at 100 
|i g/ ml tryptophan compared to those observed with 20 and 80 i^ g/ ml tryptophan, respectively. 
In comparison, a maximum amount of 28, 21, 15, 13, 10 and 5 |ag lAA/ml was synthesized by 
RLll , when grown in LB broth amended with 100, 80, 60, 40, 20 and 0 |ig tryptophan /ml, 
respectively, which was followed by 33, 23, 15.2, 9.2, 6.4 and 5 ^g lAA/ml (at 100, 80, 60, 40, 
20 and 0 ^g tryptophan /ml, respectively) by strain RL9 (Table 23). Like other rhizobial strains, 
strain RL9 and RLll showed a maximum synthesis of lAA with 100 |ig/ ml tryptophan and 
increased it by 416 and 460% over 20 i^ g/ml tryptophan, respectively. The lAA production by 
phosphate solubilizing bacteria was also assayed in this study (Table 24). The lAA production 
increased progressively with increasing concentrations of tryptophan added to LB broth; the 
maximum being 19.3, 17.7 and 17.4 i^ g/ ml (at 100 \igl ml of tryptophan), which was followed 
by 15.7, 10.8 and 17 (at 60 ^g/ ml of tryptophan ) and 11.3, 5.7 and 11.7 ^g ml"' of lAA ( at 20 
Hg/ml of tryptophan ) by Bacillus sp. FSB 1, FSB 7 and FSB 10, respectively. The lAA 
production by the Bacillus FSBl, PSB7 and FSB 10 enhanced considerably by 23, 64 and 35 % 
at 100 |Jg/ml tryptophan, over 60 j^g/ml of tryptophan. Similarly, Pseudomonas FSB9 produced 
a considerable amount of lAA at all the tested concentrations of tryptophan, added to LB broth. 
4.6.2 Bioassay of siderophore 
Another important trait of plant growth promoting rhizobacteria is the production of 
siderophores that may indirectly affect the growth of plants. In the present investigation, the 
81 
PGPR strains were tested for both qualitative and quantitative production of siderophores using 
CAS agar (Plate IB) and ethyl acetate extraction method. On CAS agar plates, 30% of the 
Mesorhizobium strains produced siderophore. Of these strains, RCl, RC3 and RC4 displayed 7, 
11 and 9 mm colored zone on CAS plates after four days of incubation. Further, the ethyl 
acetate extraction from culture supernatant o^Mesorhizobium strain RCl yielded 15.5 and 20.5 
mg/ml salicylate (SA) and 2,3-dihydroxy benzoic acid (DHBA), strain RC3 produced 17 and 
24.5 mg/ml of SA and DHBA and strain RC4 yielded 16.5 and 24 mg/ml SA and DHBA, 
respectively (Table 20). Among the Rhizobium species isolated from pea nodules, 21% of the 
strains produced siderophore where strain RP3, RP5 and RP7 demonstrated 13, 11 and 15 mm 
colored zone on CAS plates after four days of incubation (Table 21). Further, the strains 
produced 24.2 and 30 (strain RP3), 24.2 and 21.2 (RP5) and 34.2 and 35.2 (RP7) mg/ml SA 
and DHBA, respectively. Strains RMl, RM2 and RMS oi Bradyrhizobium species showed 8, 9 
and 12 mm colored zone, respectively, on CAS plates after four days of incubation and 
produced 15.5 and 14.1 (strain RMl), 15.8 and 15 (RM2) and 17.4 and 16.3 (RM8) mg/ml SA 
and DHBA, respectively (Table 22). In comparison, among the Rhizobium species isolated 
from lentil nodules, 33% of the rhizobial isolates produced siderophore both on CAS agar 
plates and in liquid culture medium (Table 23). Among these strains, strain RL2, RL9 and 
RLll displayed a coloured zone of 11, 12 and 10 mm size respectively, on CAS plates and 
yielded 15 and 13 (RL2), 15 and 18.3 (RL9) and 14 and 12 mg/ml SA and DHBA (RLll), 
respectively. In this study, the phosphate solubilizing bacteria (Bacillus and Pseudomonas) 
were also analyzed for siderophore production (Table 24). A total of 70% strains of selected 
phosphate solubilizing groups displayed the siderophore production on CAS agar plates and 
liquid culture medium. Among the phosphate solubilizers, strain PSBl, PSB7 and PSBIO of 
Bacillus spp. produced 13, 11 and 15 mm colored zone on CAS plates. The Bacillus spp. 
showed a substantial production of 13 and 16.5 mg/ml of SA and DHBA by PSB 1, 12.6 and 10 
mg/ml of SA and DHBA by PSB 7 and 13.5 and 14.5 mg/ml of SA and DHBA by PSB 10, 
respectively (Table 24). In general, Pseudomonas did not show production of siderophores 
either on CAS agar plates or in liquid culture medium. 
4.6.3 Phosphate solubilization on solid and liquid medium 
The plant growth promoting rhizobacteria were further evaluated for their phosphate 
solubilizing potential, both on solid and liquid Pikovskaya medium. In the present study, about 
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20% of the PGPR strains showed the phosphate solubiUzing activity, as detected by the 
formation of clear halo around their growth (Plate IC). Among the phosphate solubilizing 
PGPR strains, strain PSBl, PSB 7 and PSBIO of Bacillus spp. produced the largest zone of P 
solubilization on solid Pikovskaya medium (Fig. 16) and the solubilization index (SI) ranged 
between 1.3 (PSB 7) and 1.36 (PSB 10) (Fig. 18). Further, a considerable amount of tri-calcium 
phosphate (TCP) was solubilized in liquid broth by PSB 1 (375 ng/ml), PSB 7 (340 ^ig/ml) and 
PSB 10 (379 ^g/ml), respectively (Fig. 17). The solubilization of TCP was coupled with 
decrease in pH values (from 7 to 5) that remained identical for all the three strains (Fig. 19). 
Similarly, Pseudomonas PSB9 showed solubilization of TCP both on solid and liquid 
Pikovskaya medium (Fig. 16 and 17) 
4.6.4 In vitro assay of ammonia and HCN 
The plant growth promoting rhizobacterial strains were tested further for the synthesis of 
ammonia and hydrogen cyanide using peptone water and HCN induction medium, respectively. 
Generally, all PGPR strains including nitrogen fixers and phosphate solubilizers were found 
positive for ammonia while > 81% strains were found to be positive for HCN (Plate 1 A). 
4.7 Chromium reduction studies 
A total of 15 metal tolerant PGPR strains that included Mesorhizobium (N= 3), Rhizobium 
specific to pea (N= 3), Bradyrhizobium (N= 3), Rhizobium specific to lentil (N= 3) and 
phosphate solubilizers (N=3) were tested for evaluation of their chromium reducing ability 
under in vitro conditions. This study was carried out to assess the (i) effect of different pH 
values on the reduction of Cr (VI) and (ii) the effect of chromate concentration on chromium 
(VI) reduction. 
4.7.1 Effect of pH on reduction of hexavalent chromium 
The effect of different pH values on the reduction of chromium (VI) was variable both for 
phosphate solubilizers (Fig. 20) and nitrogen fixers (Fig. 24). Maximum reduction (87%) of 
chromium (VI) was observed at pH 7 by Bacillus spp. PSB 10, which was followed by PSB 1 
(83%) and PSB7 (74%). Similarly, PGPR isolates Bacillus PSB 10, PSBl and PSB7 reduced 
the chromium considerably at pH 6 (71, 67 and 58%) and at pH 8 (68, 65 and 56%), 
respectively, at a concentration of 100 |ag Cr/ ml after 120 h of incubation. A maximum 
decrease in reduction of chromium (VI) was found to be 159, 24, 28 and 137% at pH 5, 6, 8 
and 9 in comparison to the reduction observed at pH 7 by Bacillus sp. PSB 1. A maximum 
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decrease in chromium (VI) reduction by Bacillus sp. PSB 7 was found to be 147, 28, 32 and 
131 % in comparison to the reduction at pH 7 whereas a maximum decrease in reduction of Cr 
(VI) was found to be 118, 23, 28 and 129% at pH 5, 6, 8 and 9 in comparison to the reduction 
at pH 7 by Bacillus spp. PSB 10. Similarly, the maximum reduction (90%) of Cr (VI) was 
observed at pH 7 by Mesorhizobium RC3 which was followed by RCl (84%) and RC4 (83%). 
The rhizobial isolates RC3, RCl and RC4 reduced chromium (VI) considerably at pH 6 (by 75, 
70 and 68%, respectively) and at pH 8 (by 73, 68 and 66 %, respectively), at 100 ^g/ml Cr 
(VI), after 120 h of incubation. A maximum decrease in reduction of Cr (VI) was found to be 
104, 20, 23 and 1 \4% at pH 5, 6, 8 and 9 in comparison to the reduction recorded at pH 7 by 
RC3 and 110, 20, 24 and 121%) at pH 5, 6, 8 and 9 in comparison to the reduction observed at 
pH 7 by RCl. While, a maximum decrease in reduction of chromium (VI) by RC4 was 
determined as 113, 22, 26 and 131%) at pH 5, 6, 8 and 9 in comparison to the reduction 
determined at pH 7. 
4.7.2 Effect of chromate concentration 
In this study, the chromium reducing ability of PGPR strains were assessed using nutrient broth 
(for phosphaste solubilizers) and YEM broth (for nitrogen fixers) supplemented with 50, 100 
and 150 |ig/ml K2Cr207 in order to determine the effect of chromium (VI) reducing ability of 
the selected cultures under in vitro conditions. The time for total reduction of chromium (VI) 
increased with increase in the concentration of chromium (VI). During this study, the complete 
reduction of chromium (VI) occurred after 100 h by Bacillus spp. PSB 1 (Fig. 21), 120 h by 
PSB 7 (Fig 22) and 100 h by PSB 10 (Fig 23) at 50 ng/ml of chromium. A maximum increase 
of 21 and 75 % (by Bacillus sp. PSB 1), 35 and 89 % (by Bacillus spp. PSB 7) and 15 and 67% 
(by Bacillus spp. PSB 10) in chromium (VI) reduction was observed at 50 |ig/ml chromium 
(VI) compared to 100 and 150 |J.g/ml. For nitrogen fixers, the complete reduction of chromium 
(VI) occurred after 120 h by Mesorhizobium RCl (Fig. 25), RC 3 (Fig. 26) and RC4 (Fig 27) at 
50 ^g/ml Cr (VI). A maximum increase of 11 and 43 % (by RC3), 19 % and 49 % (by RCl) 
and 20 and 45%) (by RC4) in Cr (VI) reduction was recorded at 50 ng ml"' chromium (VI) 
compared to 100 and 150 |xg Cr/ml. The complete reduction of Cr (VI) did not occur at 
concentrations higher than 50 \ig/ ml even after 120 h but the extent of Cr (VI) reduction at 
these concentrations was considerably higher for nitrogen fixers (> 60 %>) and phosphate 
solubilizers (> 50%). 
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4.8 Metal solubilization 
In this study, phosphate solubilizers (Bacillus and Pseudomonas) were grown in nutrient 
broth, supplemented with 300 fig/ml each of lead chloride and zinc oxide and incubated for 5 
days. Among the test isolates, Bacillus sp. PSB 1 solubilized maximum amounts of both zinc 
oxide (102.6 \i%l ml) and lead chloride (229.9 ^g/ml) which was followed by the isolate PSB 
10 (98.4 and 171.8 \i^ ml of ZnO and PbCla, respectively) and Bacillus PSB 7 (88.5 and 97.5 
|ig/ ml of ZnO and PbCb respectively). Moreover, Pseudomonas and rhizobial strains were 
also tested for their metal solubilizing potential but none of these strains could solubilize any 
of the two metals in this study (Table 30). 
4.9 Growth behaviour of Plant growth promoting rhizobacteria under metal stress 
In this study, a total of five PGPR strains belonging to Bacillus (PSB 10) and nitrogen fixers 
(Mesorhizobium RC3, Rhizoium RP5, Bradyrhizobium RM8 and Rhizobium RL9) were grown 
in nutrient and YEM broth amended with different concentrations of chromium (VI), nickel, 
lead and zinc, in order to evaluate the toxicity of these metals to their growth. The growth 
response of Bacillus sp. PSB 10 varied considerably with different concentrations of 
hexavalent chromium, nickel, lead and zinc (Fig. 28) in liquid culture. During the initial 72 h 
of growth, the maximum population was observed at all the three concentrations tested. A 
maximum population of 10.20, 10.19, 10.25 and 10.19 log CFU/ml was observed in liquid 
culture medium at 50 |ig ml"' of hexavalent chromium and nickel and 300 |ag/ml of lead and 
zinc respectively, after 72 h of incubation, compared to control. The bacterial populations at 
150 |ag/ml nickel decreased by 6% compared to 50 \igl ml nickel while 900 ng/ml of lead and 
zinc decreased the bacterial population by 5% each compared to 300 |J.g/ml of lead and zinc 
after 72 h of incubation. Similarly, the growth response of Mesorhizobium RC3 towards 
different concentrations of chromate, nickel, lead and zinc in liquid culture varied 
considerably (Fig. 29). During the initial 48 h of growth, the maximum rhizobial population 
was observed at all the three concentrations of metals tested. A maximum population of 
10.46 , 10.13, 10.22 and 9.94 log CFU/ml was observed at 50, ^g ml'' of Cr (VI) and nickel 
and 300 ^g ml'' of lead and zinc respectively, after 48 h of incubation, compared to control 
(Fig. 29). The population decreased by 3 and 6% at 150 |ig/ml chromium (VI) and nickel 
compared to 50 |ig/ml chromium (VI) and nickel while 900 ^ig/ml of lead and zinc decreased 
the population each by 6% compared to 300 |ig/ml of lead and zinc after 48 h of incubation. 
85 
The effect of various concentrations of chromium (VI), nickel, lead and zinc on growth 
of Rhizobium sp. RP5 was variable (Fig. 30). A maximum increase in population of rhizobial 
strain following chromium (VI), nickel, lead and zinc application was observed after 36 h of 
growth in YEM medium. A maximum population of 9.81, 9.99, 10.12 and 9.62 log CFU/ml 
was observed in liquid culture medium at 50 [ig ml"' of Cr (VI) and nickel and 300 |ag/ ml of 
lead and zinc respectively, after 36 h of incubation. Similarly, Bradyrhizobium strain RMS 
grown in YEM broth amended with metals showed a variable growth pattern. A maximum 
rhizobial population in YEM broth was observed with the three concentrations of each metal 
after 48 h of incubation. A maximum population of 9.99, 9.68, 10.09 and 10.22 log CFU/ml 
was observed in liquid culture medium at 50 i^ g/ml of Cr (VI) and nickel and 300 |ig/ml of 
lead and zinc respectively, after 48 h of incubation, compared to control (Fig. 31). The 
population decreased by 8 and 6% compared at 150 |ag/ml Cr (VI) and nickel compared to 50 
\xgj ml chromium (VI) and nickel while 900 |ig/ml of lead and zinc decreased the population 
by 8 and 9% compared to 300 |ag/ ml of lead and zinc after 36 h of incubation. Likewise, 
Rhizobium strain RL9, had the maximum population of 9.86, 9.99, 10.16 and 9.89 log CFU/ 
ml when grown in YEM broth with 50 |ag/ ml of Cr (VI), nickel, lead and zinc respectively, 
after 36 h of incubation, compared to control (Fig. 32). The rhizobial growth at 150 \xgl ml of 
Cr (VI), nickel, lead and zinc decreased by 6, 4, 4 and 7% compared to those observed at 50 
|j,g/ ml Cr, Ni, Pb and Zn after 36 h of incubation. 
4.10 Plant growth promoting activities under metal stress 
Metal tolerant bacterial strains were evaluated further for their PGP activities in their 
respective medium supplemented with different concentrations of selected metals. The 
bacterial strains showing higher tolerance to metals and exhibiting substantial production of 
plant growth promoting substances in vitro were included in this study. 
4.10.1 Indole acetic acid production under metal stress 
A total of 15 PGPR strains belonging to Mesorhizobium (N= 3), Rhizobium specific to pea 
(N= 3), Bradyrhizobium (N= 3), Rhizobium specific to lentil (N= 3) and phosphate 
solubilizers (N=3) were used in this study. The effect of three concentrations each of 
chromium, nickel, lead and zinc on lAA production by Mesorhizobium spp. was determined 
in LB broth supplemented with 20, 60 and 100 \iglm\ of tryptophan (Table 25). Metal tolerant 
strains of Mesorhizobium spp. used in this study produced a substantial amount of plant 
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growth promoting substances both in the absence and presence of metals (Table 25). The data 
revealed a concentration dependent increase in lAA, the maximum being 34.7 fig/ml of lAA 
when strain RC3 was grown in LB broth having 100 |ig/ml of tryptophan and supplemented 
with 50 |ig Cr/ml. While comparing the effect of various concentrations of tryptophan in LB 
broth supplemented with fixed amount of chromium (50 |ig/ml) on lAA production by the 
strain RC3, 100 |xg/ml tryptophan showed a significant increase of 46 and 22% over 20 and 
60 ^ig/ml tryptophan, respectively. Nickel at 50 |ag/ ml and lead and zinc at 600 |ig/ml 
produced a maximum amount of 34.4, 32.8 and 32.6 |.ig/ml of lAA, respectively in LB broth 
medium supplemented with 100 |4.g tryptophan/ ml and showed a significant (P < 0.05) 
increase of 60, 37 and 36%, respectively, over 20 |4,g/ml of tryptophan. The amounts of lAA 
produced by the rhizobial strain decreased progressively with increase in metal 
concentrations. Rhizobium strains specific to pea used in this study produced a substantial 
amount of plant growth promoting substances both in the absence and presence of metals 
(Table 26). A maximum amount of 20.2 and 20.9 |ig/ml of lAA by strain RP5 was produced 
withlOO |ig/ml tryptophan supplemented with 50 |ig/ml each of chromium and nickel 
respectively. Chromium and nickel (50 [ag/ml each) when added to 100 ^g/ml tryptophan 
increased the lAA synthesis by strain RP5 by 261 and 273% respectively over 20 f^ g/ml 
tryptophan. Lead and zinc at 600 i^g/ml produced a maximum amount of 20.3 and 21.1 ^g/ml 
of lAA, respectively in LB broth supplemented with 100 ^g tryptophan/ ml and showed a 
significant (P < 0.05) increase of 263 and 284% respectively over 20 fig/ml tryptophan. 
Among the bradyrhizobium strains, RJVI8 in general displayed a maximum of 13.3 
|ag/ml lAA with 100 (ig/ml of tryptophan but devoid of any metal. The effect of three 
concentrations each of chromium, nickel, lead and zinc on lAA production however, differed 
considerably with change in the concentrations of each metal (Table 27). Nickel at 50 fig/ml 
produced a maximum amount of 13.6 ^ig/ml of lAA at 100 i^ g tryptophan/ml and showed a 
significant increase of 183% and 81% over 20 and 60 |ig/ml tryptophan, respectively. In 
comparison nickel at 50, lead at 600 and zinc at 300 \iglm\ produced a maximum amount of 
13.6, 13.6 and 13.5 of lAA at 100 |ig/ml tryptophan and significantly increased the lAA 
production by 183, 152 and 181% over 20 f^ g/ml tryptophan, respectively. Generally, the 
production of lAA by the bradyrhizobial strain decreased progressively with increase in metal 
concentration but did not differ significantly among treatments. Rhizobium strains (RL9) 
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specific to lentil produced a maximum amount of 33.5 ng/ml lAA when grown in LB broth 
having 100 |ig/ml tryptophan and supplemented with 50 i^g Cr/ml and 100 ^g tryptophan/ml 
and showed a significant increase of 365 and 116% over 20 and 60 [ig/ml tryptophan, 
respectively (Table 28). Nickel and lead at 50 ^g ml'' and zinc at 100 |ig/ml produced a 
maximum amount of 36, 35.5 and 39 |ig/ ml of lAA, respectively, with 100 |ig tryptophan/ 
ml and significantly (P < 0.05) increased the lAA by 437, 438 and 388%, respectively over 
20 ng/ml tryptophan. Generally, the production of lAA by the metal tolerant rhizobial strains 
was greater at the lowest rates of each metal compared to control (without metal) but the 
amount of lAA produced at the highest tested rates of each metal was lower compared to 
control. In general, the heavy metals did not affect the synthesis of lAA by the rhizobial 
strains negatively, though it decreased marginally with increasing concentrations of heavy 
metals. 
Metal tolerant strains of phosphate solubilizing bacteria were also tested for lAA 
production under metal stressed environment (Table 29). The synthesis of lAA by the P 
solubilizers increased consistently with increasing concentrations of tryptophan both in the 
presence and absence of heavy metals, but decreased progressively with increasing levels of 
heavy metals (Table 29). The lAA production by the three P solubilizing isolates (Bacillus 
PSBl, PSB7 and PSBIO) under metal stress did not differ significantly. Among the three 
concentrations of each metal, hexavalent chromium and nickel at 50 |ig/ml and lead and zinc 
at 300 [ig/ml showed an increase of 15, 5, 16 and 16% by Bacillus strain PSBl, 14, 4, 10 and 
11% by Bacillus strain PSB7 and 5, 3, 4 and 7% by Bacillus strain PSBIO in lAA, 
respectively, compared to those observed for 150 ng/ml each of hexavalent chromium and 
nickel and 900 \ig/ml of lead and zinc. Like nitrogen fixers, the amounts of lAA produced by 
the three strains of Bacillus spp. were higher at the lower rates of each metal, which 
decreased progressively with increase in metal concentration at 20, 60 and 100 |Jg/ml of 
tryptophan. 
4.10.2 Bioassay of siderophore under metal stress 
In the present investigation, production of siderophores by the metal tolerant strains of PGPR 
was also determined on CAS agar plates supplemented with or without hexavalent chromium, 
nickel, lead and zinc (Table 25-29). Generally, the PGPR strains showed siderophore activity 
on metal amended CAS agar plates. Among the rhizobial isolates, Mesorhizobium strains 
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RCl, RC3 and RC4 produced a 7, 11 and 9 mm colored zone on CAS plates supplemented 
with 50 ^g/ml of chromium (VI) and nickel and 300 |ag/ml of lead and zinc. The size of 
siderophore zone produced on CAS agar plates decreased with increasing concentrations of 
each metal, maximum being 14% each for chromium and nickel at 150 and lead and zinc at 
900 |ig/ml by strain RCl and 11% each for chromium and nickel at 150 and lead and zinc at 
300 |ag/ml by strain RC4, compared to 50 ng/ml of chromium and nickel and 300 |ig/ml of 
lead and zinc, respectively. No reduction in zone size at any concentration of the tested 
metals was observed for strain RC3 (Table 25). Further, the ethyl acetate extraction from 
culture supernatant of Mesorhizobium strains yielded a maximum amount of 15.5 and 20.5 
mg/1 SA and DHBA by RCl, 17 and 24.5 mg/1 of SA and DHBA by RC3 and 16.5 and 24 
mg/1 SA and DHBA by RC4, respectively, grown in the Modi medium (Table 25). When, 50 
^g/ml of chromium (VI) and nickel and 300 |xg/ ml of lead and zinc was also added to Modi 
medium, the strains RCl, RC3 and RC4 slightly increased the SA and DHBA compared to 
control. The amount of SA and DHBA in the supernatant of mesorhizobial strains decreased 
consistently with increasing dose of each metal. On CAS agar plates, supplemented with Cr 
(VI), Ni, Pb and Zn, Rhizobium strains RP3, RP5 and RP7 produced a 13, 11 and 15 mm 
colored zone in the absence and presence of chromium (VI), nickel, lead and zinc except 150 
l^ g/ ml of chromium (VI), 900 |^g/ml of zinc for (strain RP3 and RP5), 150 \igl ml of nickel 
(for strain RP5 and RP7), 900 ^g/ml of lead (for strain RP5) and 600 and 900 ^g/ ml of lead 
(for strain RP7) which inhibited the siderophore activity (Table 26). The reduction in zone 
size with increase in metal concentration varied between 8 (by RP3 at 150 i^g/ml of 
chromium and nickel and 300 ^g/ml of lead and zinc) to 13% (by RP7 at 150 |ig/ml of 
chromium and nickel) after four days of incubation, in comparison to control. Further, the 
ethyl acetate extraction from culture supernatant of strains grown in the presence of 
chromium and nickel at 50 [ig/ml and lead and zinc at 300 [ig/ml slightly increased the SA 
and DHBA, in comparison to control. Moreover, chromium and nickel at 150 ^g/ ml and lead 
and zinc at 900 ng/ml respectively, slightly reduced the siderophore activity. 
On CAS agar plates supplemented with selected heavy metals, the bradyrhizobial 
strains RMl, RM2 and RMS produced 8, 9 and 12 mm colored zone both in the absence and 
presence of each metal except 100 and 150 |ig/ ml of chromium and nickel which displayed a 
13 and 25% decrease while 900 |ag/ml each of lead and zinc decreased the zone size by 13% 
89 
(by strain RMl); 150 ^g/ml of nickel reduced it by 17% and 900 |^g/ml of lead showed a 
reduction of 8% in zone size by strain RMS after four days of incubation. Bradyrhizobial 
strain grown with chromium and nickel at 50 i^ g/ml and zinc and lead at 300 i^g ml" either 
did not affect or slightly increased the SA and DHBA in comparison to control (Table 27). In 
comparison, the higher concentrations of Cr (VI) and Ni (150 |ig/ml) and Pb and Zn (900 
^g/ml) though decreased the SA and DHBA production by strain RMl, RM2 and RMS, but 
the variation among treatments was non-significant. The Rhizobium strains RL2, RL9 and 
RLl 1 specific to lentil plants produced 11,12 and 10 mm colored zone on CAS plates in the 
presence of 50 fig/ ml of chromium (VI), nickel, lead and zinc except 150 ng/ml chromium, 
100 and 150 |ag/ml of nickel and zinc and 150 ^g/ml of lead, which displayed a 9% decrease 
in zone size by RL2; 100 and 150 |ag/ml of chromium, nickel and zinc which showed a 
reduction of 10% in zone size by RLll . No reduction in zone size was observed at any 
concentration of selected heavy metals for strain RL9. Moreover, the ethyl acetate extraction 
oi Rhizobium yielded a maximum amount of 15 and 13 mg/1 SA and DHBA by RL2, 15 and 
18.3 mg/1 SA and DHBA by RL9 and 14 and 12 mg/1 SA and DHBA by RLl 1, respectively, 
grown in the Modi medium devoid of each metal (Table 28). Chromium (VI) and Ni at 50 
^g/ml and Pb and Zn at 300 |ag/ml (except Ni at 50 ^g/ ml for SA in case of strain RL2) 
marginally increased the SA and DHBA by RL2, RL9 and RLll compared to control. The 
amount of SA and DHBA in the supernatant of rhizobial strains specific to lentil decreased 
consistently with increase in each metal concentration 
On CAS agar plates. Bacillus stains showed the siderophore activity both in the absence 
and presence of chromium, nickel, lead and zinc (Table 29). Among the isolates. Bacillus 
spp. PSB 1, PSB 7 and PSB 10 produced a 13, 11 and 15 mm colored zone on CAS plates 
both in the absence and presence of chromium, nickel, lead and zinc except PSB 1 at 150 \i§J 
ml of nickel and 900 ng/ml of lead and zinc which displayed a 8% decrease in zone size, PSB 
7 at 150 |ig ml"' of chromium, 100 and 150 \igl ml of nickel, 600 and 900 |ag/ ml of lead and 
zinc displayed a 9% decrease and PSB 10 at 600 and 900 i^g/ml of zinc decreased siderophore 
activity by 7% respectively, when grovm on CAS plates. The ethyl acetate extraction from 
culture supernatant yielded 13 and 16.5 mg/1 of SA and DHBA by Bacillus spp. PSB 1, 12.6 
and 10 mg/1 of SA and DHBA by Bacillus spp. PSB 7 and 13.5 and 14.5 mg/ 1 of SA and 
DHBA by Bacillus spp. PSB 10, respectively (Table 34). In contrast, chromium and nickel at 
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50 and lead and zinc at 300 |ag/ml (except zinc at 300 ng/mL in case of PSB7) marginally 
increased the SA and DHBA by Bacillus PSB 1, PSB 7 and FSB 10 compared to control. 
4.10.3 In vitro assay of ammonia and HCN under metal stress 
All the bacterial strains were further tested for HCN and ammonia production under in vitro 
conditions in the presence of different concentrations of selected heavy metals. In the presence 
of three concentrations of Cr (VI), Ni, Pb and Zn, the HCN and ammonia was produced by 
Mesorhizobium (Table 25), Rhizobium specific to pea (Table 26), Bradyrhizobium (Table 27), 
Rhizobium specific to lentil (Table 28) and phosphate solubilizing strains oi Bacillus (Table 29) 
were found positive for both HCN and ammonia 
4.10.4 Phosphate solubilization as influenced by heavy metals 
The phosphate solubilizing potentials of the PGPR strains in the presence of varying 
concentrations of Cr (VI), Ni, Pb and Zn was assayed both qualitatively and quantitatively 
using solid and liquid Pikovakaya medium (Table 30). In this study, the phosphate solubilizing 
bacteria only belonging to genera Bacillus were used. About 20% of the Bacillus strains 
showed the phosphate solubilizing activity, as detected by the formation of clear halo around 
their growth. Among the Bacillus strains. Bacillus PSBl, PSB 7 and Bacillus PSB 10 produced 
a largest zone of P solubilization on solid Pikovskaya medium (Table 30) devoid of chromium, 
nickel, lead and zinc (plate) whose solubilization index (SI) ranged between 1.3 {Bacillus PSB 
7) and 1.36 {Bacillus PSB 10). In contrast, the zone of solubilization by PSBl decreased by 
25% with 150 \igl ml of chromium, 900 |ig/ ml of lead and zinc and by 50% with 150 f^ g/ml of 
nickel; 33 % with chromium and nickel at 150 i^ g/ml and 900 |ig/ml of lead and zinc by PSB 
7 and 20% with chromium and nickel at 150 |ag/ml and lead and zinc at 900 |ag/ml by PSB 10, 
respectively when cultures were grown in Pikovskaya medium compared to control. Further, a 
considerable amount of tri-calcium phosphate was solubilized in liquid broth by Bacillus PSB 1 
(375 \iglm\). Bacillus PSB 7 (340 ^g/ml) and Bacillus PSB 10 (379 ^ig/ml). In general, the 
amount of P solubilized decreased consistently with increase in the concentration of chromium, 
nickel, lead and zinc. A maximum decrease in P solubilization was 17% by PSB 1 at 150 ng/ 
ml of chromium and nickel and 15 and 18% at 900 |ig/ml of lead and zinc, respectively; 
decrease in solubilization at 150 of chromium and 900 ^g/ ml of zinc was 15%, 18% at 150 
^g/ml of nickel and 13% at 900 \igl ml of lead by Bacillus PSB7 while for Bacillus PSB 10, 
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the decrease in P solubilization was 9% at 150 of chromium and 900 \ig/ ml of zinc, 12% at 
150 |ig/ml of nickel and 10% at 900 ng ml"' of lead, compared to control (Table 30). 
4.11 Metal solubilization 
Among the test isolates, Bacillus sp. PSB 1 solubilized maximum amounts of both ZnO (102.6 
l^g/ml) and PbCb (229.9 ^g/ml) which was followed by the isolate PSB 10 (98.4 and 171.8 
|ig/ml of ZnO and PbCb, respectively) and Bacillus PSB7 (88.5 and 97.5 \ig ml'' of ZnO and 
PbCb, respectively) when grown in the absence of chromium, nickel, lead and zinc (Table 30). 
In comparison, maximum solubilization of ZnO and PbCh by Bacillus PSBl was observed at 
50 ng/ml of chromium and nickel, 600 |ag/ml of lead (solubilization of ZnO) and 300 |ag/ml of 
lead (solubilization of PbCb) and 300 ng/ml of zinc (solubilization of ZnO) and 600 ng/ ml 
zinc (solubilization of PbCb). Bacillus PSB7 showed maximum metal solubilization activity at 
50 i^ g/ml of chromium and nickel and 600 ^ig/ml of lead (solubilization of ZnO) and 300 \xg/ 
ml of lead (solubilization of PbCb) and 300 \xg/ ml of zinc (solubilization of ZnO) and 600 ^g/ 
ml of zinc (solubilization of PbCla). Bacillus PSBIO displayed maximum solubilization of 
metals at 50 |ag/ ml of Cr and Ni, 300 ^g/ ml of lead and 300 |ig/ ml of zinc (solubilization of 
ZnO) and 900 i^g/ ml of zinc (solubilization of PbCb). However, the three concentrations of 
four metals did not show any significant reduction in metal solubilization by any of the three 
Bacillus strains, compared to control (Table 30). 
4.12 Heavy Metal Toxicity To Legumes 
4.12.1 Chickpea 
4.12.1.1 Plant growth 
The effect of heavy metals on chickpea crop, grovm in unsterilized pot soil was variable and 
metal concentration dependent (Plate 2). Among the single metal treatments, cadmium was 
found to be the most phytotoxic and significantly (P < 0.05) reduced the plant growth at all the 
three concentrations. A maximum reduction of 60, 25 and 28% in root length, 43, 17 and 32% 
in shoot length, 66, 46 and 43% in dry root weight, 16, 39 and 34% in dry shoot weight (Table 
31) and 43, 14 and 36%> in total dry matter production (Table 32) at 60, 90 and 135 DAS, 
respectively, was observed with cadmium at 24 mg kg'' soil, which was followed by the 
application of zinc (9780 mg/kg soil) to soils that substantially reduced the measured 
parameters. Chromium at 34 mg/kg increased the total biomass by 5% at 60 DAS; at 68 mg/kg 
increased the biomass by 48% (90 DAS) and at 136 mg/kg increased the total dry weight of 
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chickpea by 22% (at 135 DAS), compared to control. Generally, a dose dependent decrease in 
dry matter production was observed at all the stages of growth following metal treatment to 
soil. Lead at 97.5 mg/kg increased the dry matter accumulation by 42 (90 DAS) and 23% (135 
DAS) while 2445 mg/kg of zinc and 669 mg/kg of copper added to soil, increased the dry 
biomass by 23% at 90 DAS, compared to control. Among the dual metal combinations, 
chromium with nickel (34+145 mg/kg soil) had the largest stimulatory effect on chickpea 
plants which showed an increase of 27% in total dry matter accumulation at 90 DAS, compared 
to control but was less than those observed for either chromium or nickel, applied at the same 
dose rates (Table 32). The plant growth was reduced even fiirther when cadmium was used in 
combination with chromium, nickel and lead. Combination treatment of cadmium with nickel 
(24 mg Cd and 580 mg Ni/kg) decreased the root length, shoot length, root dry mass, shoot dry 
mass (Table 31) and total dry biomass production (Table 37) significantly (P < 0.05) by 70, 53, 
72, 31and 54% at 60 DAS, 32, 25, 59, 24 and 11% at 90 DAS and 36, 41, 52, 40 and 43% at 
135 DAS, respectively, compared with the control plant. When cadmium (24 mg/kg) was 
applied along with chromium (136 mg/kg) and nickel (580 mg/kg), declined the dry matter by 
58, 53 and 59% at 60, 90 and 135 DAS, over control (Table 32). The multiple metal application 
of lead + zinc + copper (390 + 9780 + 1338 mg/kg soil), showed an increase of 5 and 2% at 60 
DAS and 10% each at 135 DAS, respectively, in dry matter production over combination of Cd 
+ Cr (24 + 136 mg/kg soil) and cadmium + nickel (24 + 580 mg/kg soil), respectively. In 
general, the plant growth increased with plant age but decreased with increasing concentration 
of each metal, used either singly or in combination treatments. Generally, the combination of 
two or three metals showed enhanced phytotoxic effect relative to the single metal application 
treatments. 
4.12.1.2 Symbiotic traits and flowering 
The nodulation response to the three rates of heavy metals at 60, 90 and 135 DAS differed 
among treatments (Table 32). Generally, the large sized nodules were produced on the main 
roots while the small size nodules were scattered all through the adventitious roots (Plate 9C). 
Comparison between the metal free control and each metal treatment revealed an increase of 23 
(at 34 mg Cr/kg and 136 mg Cr /kg) to 54% (at 68 mg Cr/kg) in the number of nodules per 
plant at 60 DAS and 22 (34 mg Cr/kg) to 44% (at 136 mg Cr/kg) at 90 DAS, compared to 
control. Similarly, lead at 97.5 mg/kg soil, significantly increased the number of nodules per 
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plant at 90 DAS at 90 DAS by 18 and 70% over chromium (136 mg/kg) and control (27 
nodules/plant), respectively. The number of nodules per plant decreased considerably with 
cadmium, nickel, zinc and copper at both the stages of plant growth and were greatly 
influenced by the concentration of metals applied. Among the single metal treatments, 
cadmium showed a profound toxic effect on symbiosis and reduced the number of nodules per 
plant by 54 (at 6 mg/kg), 62 (at 12 mg/kg) and 69% (at 24 mg/kg) at 60 DAS, while at 90 DAS, 
it reduced the number of nodules per plant by 7, 15 and 22% at the same rate of application, 
respectively. Similarly, the dual metal treatments, except the mixture of chromium + lead, 
decreased the number of nodules per plant significantly. Among the dual metal application 
treatments, cadmium with chromium (at 24 + 136 mg/kg soil) and cadmium with nickel (136 + 
580 mg/kg soil), resulted in the largest adverse effect as did the mixtures of cadmium + 
chromium + nickel (24 + 136 + 580 mg/kg soil), reduced the number of nodules by 77% at 60 
DAS and by 26, 33 and 52%, at 90 DAS, respectively, compared to 13 and 27 nodules/plant 
observed at 60 and 90 DAS in control treatment. In contrast, Cr with Pb (at 34 + 97.5 mg/kg) 
enhanced the number of nodules per plant by 8 and 19% at 60 and 90 DAS, respectively while 
136 and 390 mg/kg of chromium and lead respectively increased the number of nodules per 
plant by 7% only at 90 DAS, compared to control plants. In comparison, the triple metal 
treatment showed greatest adverse effect on nodulation compared with either the control plants 
or dual metal treatments. The reduction in nodulation was accompanied by a significant 
decrease in dry mass of nodules. Generally, the metal impact was more profound at double the 
normal concentration of the dual or tripple metal combinations, compared with the lower rates 
tested in this study. The nodule numbers was positively correlated with nodule mass at 60 DAS 
(r = 0.14) and at 90 DAS (r = 0.20) with all the metals and all the concentrations. 
Flowering in chickpea was delayed significantly (P < 0.05) at the highest metal 
concentrations tested, relative to the control plant. Among the single metal treatments, 
cadmium, zinc and copper showed greatest adverse effect at half (0.5 x), normal (1 x) and 
double (2 x) the normal concentration and delayed the flowering significantly compared with 
the control plants. In comparison, the half and normal concentration of chromium, nickel and 
lead did not delay the flowering in chickpea plants significantly. A maximum delay in 
flowering occurred at all the tested concentrations of cadmium with nickel which was followed 
by cadmium with chromium. Among the multiple metal combinations, cadmium + chromium + 
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nickel significantly delayed the flowering by 73 (6 + 34 + 145 mg/kg soil), 74 (12 + 68 + 290 
mg/kg soil) and 77 days (24 + 136 + 580 mg/kg soil), compared with the 65 days observed for 
control plant (Table 32). 
4.12.1.3 Chlorophyll and leghaemoglobin content 
The effect of sole heavy metals and heavy metal mixtures on chlorophyll content of foliage and 
leghaemoglobin at 60 and 90 DAS consistently declined with increasing rates of metals, but 
was only significant at the three rates of cadmium, normal rates of zinc (4890 mg/kg soil) and 
double the normal rates of nickel (580 mg/kg soil), zinc (9780 mg/kg soil) and copper (1338 
mg/kg soil) (Table 33). Among the single metal, cadmium was found to be the most toxic and 
reduced the chlorophyll content at 24 mg/kg soil by 56 and 47% at 60 and 90 DAS, 
respectively, compared to control (0.91 and 0.99 mg/g at 60 and 90 DAS, respectively). In 
contrast, the chlorophyll content in foliage of chickpea plants increased by 7% at 390 mg/kg of 
lead at 60 DAS compared to control. Generally, the chlorophyll contents in fresh foliage 
increased progressively with increasing concentration of lead at 60 DAS which decreased 
consistently with increasing dose of lead at 90 DAS, compared to control. However, a 9% 
increase in chlorophyll content was observed at 90 DAS compared to those recorded at 60 DAS 
for control treatments. Among the composite metal treatments, cadmium with nickel at 6 + 145 
, 12 + 290 and 24 + 580 mg /kg soil showed the greatest adverse effect on chlorophyll content 
and decreased it by 49, 62 and 63% respectively at 60 DAS and by 43, 49 and 53% at 90 DAS, 
respectively, compared to control. The mixtures of cadmium + chromium + nickel (24 + 136 + 
580 mg/kg soil), reduced the chlorophyll contents in the foliage by 71% at 60 DAS and by 59% 
at 90 DAS, relative to the control. Cadmium at 24 mg/kg soil reduced the leghaemoglobin by 
42 and 40% at 60 and 90 DAS, respectively, compared to control. In contrast, the 
leghaemoglobin content increased significantly at 136 mg/kg of chromium by 17 % at 60 DAS 
and 20% at 90 DAS, respectively over control. Among the composite metal treatments, 
cadmium with nickel at 6 + 145 , 12 + 290 and 24 + 580 mg/kg soil showed the greatest 
adverse effect on the synthesis of leghaemoglobin and decreased it by 25, 33 and 58% 
respectively, at 60 DAS and by 33, 40 and 53% at 90 DAS, respectively, compared to control 
(0.12 and 0.15 m mol/g.fm at 60 and 90 DAS, respectively). The mixtures of cadmium + 
chromium + nickel (24 + 136 + 580 mg/kg soil), reduced the leghaemoglobin contents by 67% 
at 60 DAS and by 60% at 90 DAS, compared to the control (Table 33). 
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4.12.1.4 N content, seed yield and grain protein 
The effect of metal treatments on the N contents of roots and shoots at 60, 90 and 135 DAS 
differed among treatments (Table 33). The maximum reduction in root N content occurred at 
all the three concentrations of cadmium, 145 mg/kg of nickel, 2445 mg/kg of zinc and 669 and 
1338 mg/kg of copper, relative to the control. Lead at 195 mg/kg soil increased the root N by 
16 and 12% at 90 and 135 DAS respectively, while lead at 390 mg/kg soil significantly 
increased the root N content by 10% at 60 DAS while chromium at 136 mg/kg soil increased 
the root N content by 4, 9 and 4% at 60, 90 and 135 DAS, compared to control. On the 
contrary, cadmium at 24 mg/kg soil statistically (0.5 x) reduced the root N content by 33, 22 
and 29% at 60, 90 and 135 DAS, respectively, relative to the control. The N content in roots 
increased consistently with increasing rates of combination of chromium + lead, chromium + 
zinc and nickel + lead at 60 DAS only, compared to those observed for control plants (28.7 
mg/g at 60 DAS). Generally, the maximum reduction in N content was observed with dual or 
multiple metal application treatments relative to the control. Among the dual metal treatments, 
cadmium + nickel at 24 + 580 mg/kg soil significantly (0.5 x) decreased the root N content by 
39% at 60 DAS and cadmium + lead at 24 + 390 mg/kg soil decreased the root N content by 
43% at 90 DAS and 40% at 135 DAS, respectively, compared to control. In comparison, the 
multiple metal combination of cadmium + chromium + nickel at 24 + 136 + 580 mg/kg soil 
reduced the root N content by 41, 58 and 46% at 60, 90 and 135 DAS, respectively, compared 
to control plants. Similarly, the maximum reduction in N content in shoots occurred at double 
the normal concentration of all metal treatments. The toxicity of the metals on shoot N content 
increased with increasing rates of all metals, except the three concentrations of lead which 
either did not increase or decrease the shoot N at any of the stages of plant growth. The 
mixtures of chromium + lead, though consistently increased the N contents with increasing 
rates at 60, but was comparatively less than the control, compared to control. The N content of 
the plant roots was more severely affected than the N content of the shoots, at all the 
concentrations of the metals used. Generally, the root and shoot N decreased with plant age but 
the N contents in shoots was higher than roots at 60 (by 12%), 90 (by 47%) and 135 DAS (by 
41%) in untreated control (Table 33). 
The effect of heavy metals on seed yield varied considerably among treatments (Table 
33). Seed yield decreased consistently for each metals, used either singly or in combination but 
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was only significantly (P < 0.05) reduced at double the normal concentration of all metals 
(except chromium and lead) and half (0.5 x) and normal (1 x) concentration of cadmium, zinc 
and copper. Among the single metal treatments, chromium, and lead consistently and 
significantly increased the grain yield, relative to the control plants. The average maximum 
increase of 12.9% and 9% was observed with lead at 97.5 and 195 mg/kg respectively, which 
was followed by an increase of 11% and 9% by chromium at 34 and 68 mg/kg respectively, 
compared with those obtained for metal free but inoculated control (5.4 g/plant). Among the 
dual metal treatments, cadmium with nickel had the highest adverse effect on grain yield and 
decreased it significantly by 17 (6 + 145 mg/kg), 20 (12 + 290 mg/kg) and 28% (24 + 580 
mg/kg). In comparison, the combination of chromium with nickel and chromium with lead 
marginally increased the seed yield at half and normal concentrations, compared with the 
control treatment. Grain yield decreased with multiple metal application that ranged between 
19 (6 + 34 + 145 mg/kg of Cd with Cr and Ni to 33% (24 + 136+ 580 of cadmium with 
chromium and nickel) and 11 (97.5 + 2445 + 334.5 mg/kg of lead, zinc and copper) to 26% 
(390 + 9780 + 1338 mg/kg of lead, zinc and copper), compared to control. While comparing 
the sum of mean values of three rates of each metal treatment, the order of toxicity on seed 
mass increased in the following order: lead > chromium > nickel > copper > zinc > cadmium. 
The effect of three doses of single, double and tripple metal treatments on grain protein 
(GP) was variable (Table 33). The average maximum GP (256 mg/g) was obtained at 390 mg 
kg"' of lead and was significantly (P < 0.05) greater than those obtained for inoculated but 
metal free control (242 mg/g). In comparison, double the normal concentration of all metal 
treatments significantly decreased the grain protein. Cadmium, zinc and copper, when used 
alone, significantly decreased the protein contents in grains at half (0.5 x) and normal 
concentrations (1 x). Among the double metal treatments, the mixture of cadmium + nickel 
declined the grain protein by 10% at 6 + 145 mg/kg of cadmium + nickel and 14% at 12 + 290 
mg kg" of cadmium + nickel, respectively, relative to the control. Among all metal treatments, 
the mixtures of cadmium + chromium + nickel and lead + zinc + copper resulted in the highest 
decrease in grain protein at double the normal concentrations, compared with the control. The 
decrease in GP ranged between 25 (390 + 9780 + 1338 mg/kg of Pb + Zn + Cu) and 27% (24 + 
136 + 580 mg/kg of Cd + Cr + Ni), compared with the control. 
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4.12.1.5 Phyto-accumulation of heavy metals 
The uptake of metals by the roots and shoots at 60, 90 and 135 DAS and grains at 135 DAS of 
chickpea plants differed again considerably. The accumulation of metals in roots, shoots and 
grains were influenced greatly by the concentration of each metal tested. A higher amount of 
metal was found in plant parts (eg. roots, shoots and grains) when these metals were applied to 
non-sterilized sandy clay loam soil individually compared with the levels obtained for double 
or tripple metal treatment. Metal uptake by the roots, shoots and grains was found to be 
directly related to the heavy metal applied. Among the single metal treatments, the 
concentration of cadmium (Fig. 33), Cr (Fig. 34), Ni (Fig. 35), Pb (Fig. 36), Zn (Fig. 37) and 
Cu (Fig. 38) was higher in roots of chickpea plants raised in soil treated with 24, 136, 580, 390, 
9780 and 1338 mg/kg of Cd, Cr, Ni, Pb, Zn and Cu respectively, compared to shoots and 
grains measured at 60, 90 and 135 DAS, respectively. A greater uptake of zinc was observed in 
roots (3104 ng/g), shoots (2070 \ig/g) and grains (935 ^g/g) at 135 DAS when 9780 mg/kg of 
zinc was added to soil, compared to other single metal treatments. In comparison, the 
concentration of cadmium was maximum i.e. 2.5, 4.7 and 9.2 fig/g in roots and 0.8, 1.5 and 1.8 
^g/g in shoots at 60 (Fig. 39), 90 (Fig.40) and 135 DAS (Fig. 41) at 24 + 136 mg/kg of Cd + 
Cr. Similarly, the concentration of Cd and Ni was higher in roots and shoots at 60 (Fig. 42), 90 
(Fig. 43) and roots, shoots and grains at 135 DAS (Fig. 44) when soil was treated with 24 + 
580 mg/kg of Cd and Ni. A similar pattern for metal uptake by plant organs was observed for 
Cd with Pb (Fig. 45, 46 and 47), Cr with Ni (Fig. 48, 49, 50), Cr with Pb (Fig. 51, 52, 53), Cr 
with Zn (Fig. 54, 55, 56), Ni with Pb (Fig. 57, 58, 59), Ni with Zn (Fig. 60, 61, 62) and Pb + 
Zn + Cu (Fig. 63, 64, 65). The uptake of metals by roots, shoots and grains were positively 
correlated. The accumulation of nickel, zinc and copper in roots, shoots and grains of chickpea 
plants following double and triple metal application differed considerably. Generally, the 
phytoaccumulation of heavy metals was higher in roots, compared with the shoots and grains at 
all the rates of metals, applied in double or triple application treatments. The uptake of Cd by 
root and shoot at 60 DAS was positively correlated at 0.5x (r = 0.36), Ix ( r = 0.35) and 2x (r = 
0.41). Similarly the Cr uptake by roots and shoots was positively correlated at 0.5x (r= 0.42), 
Ix (r= 0.40) and 2x (r= 0.41) and the uptake of Ni by roots and shoots at 60 DAS was also 
correlated at 0.5x (r= 0.36), Ix (r= 0.31) and 2x (r= 0.38). 
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4.12.2 Greengram 
4.12.2.1 Plant growth 
4.12.2.1.1 Root and shoot length 
The effect of three concentrations of cadmium (6, 12 and 24 mg/kg soil), chromium (34, 68 and 
136 mg/kg soil) and copper (334.5, 669, 1338 mg/kg soil), applied separately and in 
combinations, on greengram plants differed among treatments (Plate 5). Generally, the length 
of plants decreased consistently with increasing rates of metals (except chromium) but 
increased progressively with plant age. Among the single metal treatments, cadmium was 
found as the most phytotoxic and reduced the root length significantly (P < 0.05) by 32, 32 and 
37% at 50 days after sowing (DAS) and by 36, 41 and 41 % at 80 DAS with 6,12 and 24 mg/kg 
soil, respectively, followed by copper, which reduced the root length by 5, 21 and 26% at 50 
DAS and 9, 18 and 27% at 80 DAS, respectively, at the same dose rates compared to control. 
Comparison between the three dose rates of cadmium revealed a significant decrease of 8 (at 50 
DAS) and 7% (at 80 DAS) in length of roots per plant at 24 mg Cd/kg soil, compared to those 
observed at 6 mg/kg soil. Similarly, copper at 1338 mg/kg soil reduced the length of roots per 
plant by 22 and 26 % (at 50 DAS) and 20 and 27% (at 80 DAS) compared to 334.5 mg/kg of 
copper applied to soils and untreated control, respectively. In contrast, chromium at 34 and 68 
mg/kg soil increased the root length by 11 and 37% at 50 DAS and 9 and 32% at 80 DAS, 
respectively, above the control. A maximum increase of 24 and 21% in root length was 
observed at 50 and 80 DAS, respectively, when soil was treated with 68 mg Cr/kg soil 
compared to 34 mg Cr/kg soil. The root length was reduced even further when cadmium was 
used in combination with chromium or copper at all the three concentrations. Cadmium with 
Cu (at 24 and 1338 mg/kg soil) was the most phytotoxic combination and reduced the root 
length by 47 (at 50 DAS) and 50 % (80 DAS), compared to control plants. 
Cadmium at 6,12 and 24 mg/kg soil showed the greatest toxicity and decreased the 
shoot length significantly (P < 0.05) by 12, 24 and 29% (at 50 DAS) and 10, 15 and 25 % (at 80 
DAS), followed by copper, which reduced the shoot length by 6, 12 and 18% at 50 DAS and 5, 
15 and 25% at 80 DAS, respectively, compared to control. While comparing the effect of three 
concentrations of cadmium, a significant decrease of 20 (at 50 DAS) and 17% (at 80 DAS) in 
length of shoots per plant was recorded at 24 mg Cd/kg soil, compared to those observed for 6 
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mg Cd/kg soil. Similarly, copper at 1338 mg/kg soil reduced the length of shoots per plant by 
13 and 18% (at 50 DAS) and 21 and 25% (at 80 DAS) compared to 334.5 mg/kg of copper and 
metal free control. The shoot length reduced even further when cadmium was used in 
combination with chromium and copper at all the three concentrations, the maximum being 41 
and 35 % when cadmium was used with copper at 24 and 1338 mg/kg soil at 50 and 80 DAS, 
respectively, compared to control plants. In comparison, 34 and 68 mg Cr/kg soil increased the 
soot length by 6 and 53% (at 50 DAS) and 30 and 40% (at 80 DAS), respectively, relative to 
the control. The shoot length was augmented by 10% at 80 DAS, even, with 136 mg/kg of 
chromium, compared to control. A maximum increase of 44 and 8% in shoot length was 
observed at 50 and 80 DAS, respectively, when soil was treated with 68 mg/kg soil compared 
to 34 mg Cr/kg soil (Table 34). 
4.12.2.1.2 Dry biomass production 
The phytotoxicity of cadmium, chromium and copper to dry biomass production by plant 
organs (roots and shoots) and total dry matter accumulation in greengram plants consistently 
decreased with increasing concentration of metals except chromium, applied separately or as 
mixture with copper (Table 34). Of the single metal treatments, cadmium at 6, 12 and 24 mg/kg 
soil decreased the dry matter accumulation in roots by 20, 25 and 40% at 50 DAS and 17, 29 
and 33% at 80 DAS, respectively, compared to plants grown in metal free soils. This was 
followed by copper which reduced the dry matter accumulation in roots by 10 and 15% at 50 
DAS and 8 and 17% at 80 DAS at 669 mg/kg and 1338 mg/kg soil, compared to control. 
Among the three dose rates of cadmium, a significant decrease of 25 (at 50 DAS) and 20% (at 
80 DAS) in dry matter accumulation in roots was determined at 24 mg Cd/kg soil, compared to 
those observed at 6 mg/kg soil. Similarly, copper at 1338 mg/kg soil strongly inhibited the dry 
matter accumulation in roots and reduced it by 15 (at 50 DAS) and 17% (at 80 DAS) compared 
to 334.5 mg/kg of copper applied to soils. In contrast, chromium at 34, 68 and 136 mg/kg soil 
increased the root dry weight by 65, 80 and 85% at 50 DAS and 46, 54 and 75% at 80 DAS, 
respectively, above the control. A maximum increase of 9 and 6% in dry matter accumulation 
in roots was observed at 50 and 80 DAS, respectively, when soil was treated with 68 mg/kg soil 
compared to 34 mg Cr/kg soil. Similarly, the dry matter accumulation in shoots decreased 
progressively with the increase in the concentration of all metals except chromium, which 
consistently increased the dry mass of shoots, as observed for roots. Cadmium at 6, 12 and 24 
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mg/kg soil decreased the shoot dry weight by 18, 22 and 26% at 50 DAS and 11, 15 and 19% at 
80 DAS, compared to control plants. This was followed by copper which reduced the dry 
matter accumulation in shoots by 18% at 50 DAS and 20% at 80 DAS with 1338 mg/kg soil, 
compared to control. In contrast, chromium at 34, 68 and 136 mg/kg soil increased the shoot 
dry weight by 63, 100 and 133% at 50 DAS and 61, 95 and 144% at 80 DAS, respectively, 
above the control. A trend similar to those observed for increase/decrease in roots at higher 
concentration of each combination of metal compared to the lower tested rates of each metal 
was also observed for dry matter accumulation in shoots at both the growth stages. 
Similarly, cadmium was found as the most phytotoxic metal and reduced the total dry 
matter accumulation significantly (P < 0.05) by 18, 22 and 27 % (at 50 DAS) and 13, 17 and 
21% (at 80 DAS), at 6,12 and 24 mg kg"' soil, respectively compared to control (273 and 290 
mg/plant at 50 and 80 DAS). This was followed by copper which decreased the total dry matter 
by 18% at 50 DAS and 20% at 80 DAS at 1338 mg/kg soil, compared to control. Comparison 
between the three dose rates of cadmium revealed a significant decrease of 12 (at 50 DAS) and 
11% (at 80 DAS) in total dry matter at 24 mg Cd/kg soil, compared to those observed for 6 
mg/kg soil. Similarly, copper at 1338 mg/kg soil reduced the total dry matter accumulation by 
15 (at 50 DAS) and 18% (at 80 DAS) compared to 334.5 mg/kg of copper applied to soils. In 
contrast, chromium at 34, 68 and 136 mg/kg soil increased the total dry matter production 0.6, 
1 and 1.3 fold (at 50 DAS) and 0.6, 0.9 and 1.4 times (at 80 DAS), respectively, relative to the 
control. A maximum increase of 43 and 49% in total dry matter accumulation was observed at 
50 and 80 DAS, respectively, when soil was treated with 136 mg/kg soil compared to 34 mg 
Cr/kg soil. The total dry matter accumulation was reduced even further when cadmium was 
used in combination with chromium or copper at all the three concentrations. The reduction in 
dry biomass of greengram following mixtures of metals ranged between 24 (Cd with Cr at 6 
and 34 mg/kg soil) to 41% (Cd with Cu at 24 and 1338 mg/kg), above the control at 50 and 80 
DAS, respectively. In contrast, the combination of Cr and Cu (136 and 1338 mg/kg soil) 
increased the dry matter by 31 and 26%, at 50 and 80 DAS respectively, relative to the control. 
4.12.2.2 Symbiotic traits 
4.12.2.2.1 Nodule numbers 
Nodulation response to the three concentrations of cadmium, chromium and copper at 50 and 
80 days after sowing varied considerably (Plate 9B). Comparison between the metal free 
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control and each metal treatment, revealed a significant increase in the number of nodules per 
plant following 34, 68 and 136 mg Cr/kg soil at pod fill stage (50 DAS) and at harvest (80 
DAS), while cadmium at 6, 12 and 24 mg/kg soil and 334.5, 669 and 1338 mg Cu/kg soil 
reduced the number of nodules considerably (Table 34). Among the single metal treatments, 
cadmium and copper at 24 and 1338 mg/kg soil declined the number of nodules per plant by 38 
and 23% at pod fill stage and 36 and 27 % at harvest, respectively, compared to control (13 and 
11 at 50 and 80 DAS, respectively). Among the three dose rates of cadmium, a significant 
decrease of 27 (at 50 DAS) and 30% (at 80 DAS) in nodule numbers per plant was observed at 
24 mg Cd/kg soil, compared to those recorded at 6 mg/kg soil. Similarly, copper at 1338 mg/kg 
soil reduced the number of nodules by 17 (at 50 DAS) and 27% (at 80 DAS) compared to 334.5 
mg/kg of copper applied to soils. In contrast, chromium at 136 mg Cr/kg soil significantly (P < 
0.05) increased the number of nodules by 100%, each at pod filling and at harvest stage, in 
comparison to control. A maximum increase of 29% in number of nodules per plant was 
observed at 80 DAS when soil was treated with 136 mg/kg soil compared to 34 mg Cr/kg soil. 
Similarly, the mixture of heavy metals at all concentrations except chromium applied with 
copper (at 34 and 334.5 mg/kg soil) decreased the number of nodules per plant at pod fill stage, 
compared to control. Among the metal combinations, when cadmium was used with copper at 
24 and 1338 mg/kg soil showed a largest adverse effect and significantly (P < 0.05) reduced the 
number of nodules per plant at pod fill stage and at harvest by 62 and 64%, respectively, above 
the control. The reduction in nodulation was accompanied by significant decrease in dry matter 
accumulation in nodules as well (Table 34). Among the single metal treatments, cadmium at 24 
mg/kg soil decreased the dry weight of nodules both at pod fill and harvest stage by 33 and 
42%, respectively, compared to control. This was followed by copper which reduced the total 
nodule matter by 1 land 22% at 50 DAS and 25 and 42% at 80 DAS at 669 and 1338 mg/kg soil 
respectively, compared to control. In comparison, chromium at 136 mg Cr/kg soil significantly 
(P < 0.05) increased the dry matter accumulation in nodules by 233 and 108% at pod filling 
stage and at harvest, respectively, compared to the control. The combination treatments of 
cadmium and copper (at 24 and 1338 mg/kg soil) declined the dry mass of nodules by 44 and 
50% at pod fill (50 DAS) and harvest (80 DAS) stage, respectively, over control. A trend 
similar to those observed for increase/decrease at higher concentration of each metal compared 
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to the lower tested rates of each metal was also observed for nodule dry mass at both the 
growth stages of greengram plants. 
4.12.2.3 Chlorophyll and leghaemoglobin content 
The effect of three concentrations of Cd, Cr and Cu on chlorophyll and leghaemoglobin content 
in foliage and nodules, measured at pod fill stage (50 DAS) is presented in Table 35. The 
chlorophyll content in fresh foliage consistently declined with increasing rates of metals but 
was significant (P < 0.05) only at 12 and 24 mg/kg of cadmium and 1338 mg/kg of copper 
(Table 35). Of the single metal treatments, cadmium at 24 mg/kg declined the chlorophyll 
content by 10 and 20%, compared to 6 mg Cd/kg and control (0.83 mg/g), respectively. 
Conversely, chromium at 34 and 68 mg/kg, increased the chlorophyll content marginally, 
compared to control. The chlorophyll content was reduced even fiirther when cadmium was 
used in combination with chromium and copper at all the three tested concentrations, the 
maximum being 26%, when cadmium was used with copper (at 24 and 1338 mg/kg), compared 
to control plants. The nodules collected from the root system of grengram plants, raised in soil 
treated with cadmium and copper had considerably a lower concentration of leghaemoglobin. 
Cadmium at 24 and copper at 1338 mg/kg soil showed 0.05 and 0.06 m mol/gfm of 
leghaemoglobin and decreased it by 38 and 25% respectively, compared to control (0.08 m 
mol/gfm). Conversely, the leghaemoglobin content in fresh nodules at 50 DAS was increased 
by 50 % at 136 mg Cr/kg soil. A maximum increase of 9% in leghaemoglobin content was 
observed at 50 DAS when soil was treated with 136 mg/kg soil compared to 34 mg Cr/kg soil. 
Levels of leghaemoglobin content in combined metal treatments were significantly decreased 
compared to single metal treatment and control (Table 35). A maximum reduction of 50 % in 
leghaemoglobin content in nodules was observed with 12 and 669 and 24 and 1338 mg kg"' soil 
of cadmium - copper (0.04 m mol/gftn). 
4.12.2.4 N content 
The effects of three concentrations of cadmium, chromium and copper on N content in roots 
and shoots at 50 and 80 days after seeding was variable (Table 35). The average maximum 
decline in root N at 50 and 80 DAS following single metal occurred at 24 mg Cd/kg (35 and 30 
mg N/g, respectively) and at 1338 mg Cu/kg (36 and 32 mg N/g, respectively) (Table 35).The 
root N were decreased significantly (P < 0.05) by 22 and 25% respectively, at 50 and 80 DAS, 
respectively by cadmium (24 mg/kg soil) and 20% each at 50 and 80 DAS by copper (1338 
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mg/kg soil), above the control. Comparison between the three dose rates of cadmium revealed a 
significant decrease of 13 (at 50 DAS) and 14% (at 80 DAS) in root N content at 24 mg Cd/kg 
soil, compared to those observed at 6 mg/kg soil. Similarly, copper at 1338 mg/kg soil reduced 
the root N content by 14% each at 50 (36 mg/g) and 80 (32 mg/g), compared to 334.5 mg/kg of 
copper (42 and 37 mg/g at 50 and 80 DAS) applied to soils. In comparison, chromium 
progressively enhanced the root N by 29, 33 and 42 % (at 50 DAS) and 33, 38 and 48% (at 80 
DAS) at 34, 68 and 136 mg/kg soil, compared to control. A maximum concentration of N 
content in roots was observed as 64 (an increase of 10%) and 59 mg/g (an increase of 11%) at 
50 and 80 DAS respectively, when soil was treated with 136 mg/kg soil compared to 34 mg 
Cr/kg soil. Among the dual metal treatments, cadmium with copper (at 24 and 1338 mg/kg soil) 
significantly reduced the N content by 29 and 30% at 50 and 80 DAS, respectively, compared 
to the control. A trend similar to root N was observed for shoot N with three metals and their 
combinations. The average maximum increase in shoot N content with Cr ranged between 22 
(34 mg Cr/kg soil) to 31 % (136 mg Cr/kg soil) at 50 DAS and 6 (34 mg Cr/kg soil) to 18 % 
(136 mg Cr/kg soil) at 80 DAS, compared to control. A trend similar to those observed for 
increase/decrease at higher concentration of each metal compared to the lower tested rates of 
each metal was also observed for shoot N content at both the growth stages of greengram. The 
N content of the roots was more severely affected than the shoot N at all the concentrations of 
tested metals, but N concentration in roots and shoots in general were less at 80 DAS compared 
to 50 DAS. 
4.12.2.5 Seed yield and grain protein 
The effect of heavy metals on seed yield was variable (Table 35). Seed yield decreased 
consistently for each metal with increasing concentration, used either separately (except the 
three concentrations of chromium) or in combination. The average maximum increase of 62 
and 74 % was observed with chromium at 136 mg kg"' soil in comparison to 34 mg Cr/kg soil 
(4.5 g/plant) and control (4.2 g/plant), respectively. In contrast, cadmium at 24 mg kg"' soil 
significantly (P < 0.05) decreased the seed yield by 29 and 40 %, compared to 6 mg Cd/kg (3.5 
g/plant) and the control respectively, which was followed by a significant decrease of 18 and 
26% when 1338 mg Cu/kg soil was applied to soils, compared to 334.5 mg Cu/kg soil (3.8 
g/plant) and control, respectively. The average reduction in seed yield among combination 
treatments ranged between 17 (at 34 and 334.5 mg/kg of Cr and Cu respectively) and 60 % (at 
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24 and 1338 mg/kg of cadmium and copper respectively), relative to the control. While 
comparing the simi of mean values of each metal treatment, the order of toxicity to seed mass 
decreased in the following order: cadmium < copper < chromium. 
The effect of heavy metals on grain protein differed among metal treatments (Table 35). 
Chromium in general, consistently increased the grain protein with increasing concentrations. 
The average maximum grain protein (283 mg/g) was observed with 136 mg Cr/kg which was 
greater by 5 and 11 % than observed for 34 mg Cr/kg (270 mg/g) and control (256 mg/g). In 
comparison, other metals used either alone or in combination decreased the grain protein 
consistently with increase in concentration relative to the control. Cadmium at 24 mg/kg and 
copper at 1338 mg/kg soil decreased the grain protein by 8 and 6%, respectively, compared to 
control. Among the dual metal combination treatments, cadmium with copper declined the 
grain protein by 7 (at 6 and 334.5 mg/kg soil), 8 (12 and 669 mg/kg soil) and 10 % (at 24 and 
1338 mg/kg soil), respectively, relative to the control. The combinations of metals in general 
had the greatest toxic effect on grain protein compared to single metal treatments. 
4.12.2.6 Metal uptake by plant organs 
The concentration of cadmium, chromium and copper in plant tissues (e.g. roots and shoots) at 
50 and 80 days and grains at harvest (80 DAS) varied among treatments. Generally, the 
concentration of metals, in roots and shoots and grains were influenced greatly by the 
concentration of each metal tested. A higher amount of cadmium (Fig. 66), chromium (Fig. 67) 
and copper (Fig. 68) in roots, shoots and grains were observed when these metals were used 
individually compared with dual metal application. The greengram plants showed a maximum 
accumulation of cadmium at 50 and 80 days after seeding in roots (2 and 3.1 |ig/g), shoots 
(0.72 and 0.84 |ig/g) and grains (0.35 ^ig/g) at 24 mg/kg soil (Fig. 66). In comparison, the 
concentration of chromium at 50 and 80 DAS was higher in roots (29.9 and 32.2 |xg/g), shoots 
(10.5 and 15.5 |ag/g) and grains (4.5 ^g/g) at 136 mg/kg soil (Fig. 67). The concentration of 
copper at 50 and 80 DAS was higher in roots (60.1 and 64.5 |ig/g), shoots (26.2 and 28.2 |jg/g) 
and grains (15.7) at 1338 mg/kg soil (Fig. 68). Following the dual metal treatments, the 
concentration of cadmium, chromium and copper in plant tissues and grains were in general 
reduced marginally at 24 and 136 mg/kg of cadmium with chromium (Fig. 69 and 70), 24 and 
1338 mg/kg of cadmium with copper (Fig. 71 and 72) and 136 and 1338 mg/kg of chromium 
with copper (Fig. 73 and 74). The concentration of chromium was maximum both at 24 and 
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136 mg/kg of Cd with Cr and 136 and 1338 mg/kg of Cr with Cu at both 50 and 80 DAS in 
roots (29 and 31 |xg/g), shoots (10 and 15 ^g/g) and grains (4.3 |ig/g ) compared to other 
treatments. The phyto-accumulation of metals was higher in roots compared to shoots or grains 
at all rates of metals, applied singly or in dual treatments. 
4.12.3 L e n t i l 
4.12.3.1 Length of plant organs 
The effect of three concentrations of cadmium, chromium and copper on lentil plants differed 
among treatments (Plate 4). Cadmium at 24 mg/kg soil was the most toxic and decreased the 
root length significantly (P < 0.05) by 24 and 33% (at 90 DAS) and 23 and 31% (atl20 DAS), 
respectively, compared to 6 mg/kg and control. This was followed by copper which reduced the 
root length by 22 and 25% (at 90 DAS) and 18 and 21% (at 120 DAS), at 1338 mg/kg soil, 
compared to 334.5 mg Cu/kg soil and control (Table 36). In contrast, chromium at 34 mg/kg 
soil showed a stimulatory effect on the root development when lentil plants were uprooted 90 
and 120 days after seeding, above the control. The root length was reduced even further when 
cadmium was used in combination with copper and chromium. Among the mixture of metals, 
cadmium with copper at 24 mg/kg and 1338 mg/kg soil, reduced the root length by 46 and 38% 
at 90 (13 cm length) and 120 DAS (18 cm length), respectively, compared to control (24 and 29 
cm length at 90 and 120 DAS, respectively). Generally, the length of roots increased 
considerably with age of plants for all the treatments but decreased progressively with 
increasing concentrations of metals. Like the effect of cadmium on roots, it also had the similar 
toxic effect on shoot growth and reduced its length significantly (P < 0.05) by 21 and 29% (at 
90 DAS) and 14 and 27 % (at 120 DAS) respectively, at 24 mg/kg soil, compared to 6 mg/kg 
soil and control. This was followed by copper which reduced the shoot length by 20 and 24% 
(at 90 DAS) and 13 and 23% (at 120 DAS), at 1338 mg/kg soil, compared to 334.5 mg Cu/kg 
soil and control, respectively. In contrast, chromium at 34 mg/kg of soil enhanced the soot 
length by 4 and 7% after 90 and 120 DAS respectively, above the control. Generally, when Cd 
was used along with Cu and Cr showed a substantial decrease in length of the measured organs 
of lentil plants. The dual combination of Cd with Cu at 24 mg/kg and 1338 mg/kg soil declined 
the shoot length by 43 and 46% at 90 and 120 DAS, respectively, compared to control. Like the 
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effects of metals on root length, the shoot length also increased with plant age but was affected 
negatively with increase in concentration of metals, used either alone or as mixture (Table 36). 
4.12.3.2 Dry matter accumulation in roots and shoots 
The dry matter accumulation in roots and shoots decreased with the increase in the 
concentration of the metals (Table 36). Among the single metal treatments, cadmium at 24 mg 
kg"' soil decreased the root dry weight by 9% at 120 DAS (68 mg/plant), while at the same rate, 
cadmium increased the root dry weight marginally at 90 DAS, compared to control (60 and 75 
mg/plant at 90 and 120 DAS, respectively). While comparing the effect of three dose rates of 
cadmium on root biomass, a decrease of 7 (at 90 DAS) and 9% (at 120 DAS) was observed 
when 24 mg Cd/kg was added to soil, compared to those observed with 6 mg/kg soil. In 
contrast, copper and chromium at all the three concentrations except copper at 1338 mg/kg soil 
at 120 DAS either showed no adverse effect or stimulated the dry matter production by roots, 
compared to untreated control. Similarly, copper at 1338 mg/kg soil and chromium at 136 
mg/kg soil reduced the root dry weight each by 8 (at 90 DAS) and 9% (at 120 DAS) 
respectively, compared to 334.5 mg/kg of copper and 34 mg/kg of chromium applied to soils. 
The dry matter accumulation in roots was reduced when the three concentrations of cadmium 
was used in combination with copper or chromium. Cadmium with copper (at 24 and 1338 
mg/kg soil) decreased the root dry weight by 8 (90 DAS) and 11% (120 DAS), compared to 
control. The dry matter accumulation in shoots following 24 mg Cd/kg soil at 90 DAS (150 
mg/plant) increased by 20% while the same concentration of cadmium decreased shoot biomass 
by 8% at 120 DAS, compared to control plants. Comparison between the three dose rates of 
cadmium revealed a significant decrease of 4% each at 90 and 120 DAS in shoot dry weight at 
24 mg Cd/kg soil, compared to those observed at 6 mg/kg soil. The mixture of cadmium and 
copper (at 24 and 1338 mg/kg soil) decreased the shoot dry weight by 11% at 120 DAS while 
the same combination treatment increased the shoot dry weight by 14% at 90 DAS, compared 
to control. Generally, the dry matter accumulation in roots and shoots increased with the age of 
plants grown either in treated or un-amended sandy clay loam soil. 
4.12.3.3 Total biomass and symbiotic traits 
The biomass production by lentil plants when grown in soils treated differently with metals 
varied considerably (Table 36). The total phytomass in the present study decreased with 
increase in the concentration of metals, used either alone or when they were applied 
107 
simultaneously to the soils. Like other legumes, the total dry matter production of lentil plants 
also increased with plant age but decreased substantially with increasing rates of each single or 
combined metal treatment. While comparing the effect of concentration of each metal on dry 
matter accumulation, cadmium at 24 mg/kg soil displayed the highest phytotoxic effect and 
reduced the dry biomass of plants by 6 and 12% at 120 DAS, relative to 6 mg Cd/kg soil and 
the metal free control, which was followed by a 6 % decrease at the same dose of cadmium at 
90 DAS, compared to 6 mg Cd/kg soil. Chromium or copper when applied with cadmium also 
had a toxic effect on the dry mass production of lentil plants. A maximum decrease of 16% was 
observed for 24 and 1338 mg/kg of cadmium-copper at 120 DAS, which was followed by the 
combination of cadmium-chromium (24 and 136 mg/kg soil) that reduced the total biomass by 
13%, compared to control. Cadmium with copper (at 24 and 1338 mg/kg soil) enhanced the 
total biomass marginally at 90 DAS, compared to control. 
Nodulation response to each metal treatment at 90 and ,120 DAS varied considerably 
(Plate 9D). Generally the three concentrations of each metal (except 34 mg/kg of chromium) 
used either alone or as mixture decreased the number of nodules per plant, compared to 
untreated control. For instance, 24 mg Cd/kg soil decreased the number of nodules by 36 and 
46 (at 90 DAS) and 55 and 60% (at 120 DAS), respectively, compared to 6 mg Cd/kg soil and 
control (Table 36). In contrast, the number of nodules produced on the root system of lentil 
plants increased significantly (P < 0.05) by 12% at 90 DAS (15 nodules/plant) with 34 mg 
Cr/kg. Moreover, a significant decrease of 27 (at 90 DAS) and 38% (at 120 DAS) in nodule 
numbers per plant was observed at 136 mg Cd/kg soil, compared to those observed at 34 mg/kg 
soil. Similarly, mixtures of metals at all levels decreased the number of nodules per plant 
compared to control plants. For example, cadmium (24 mg/kg) with copper (1338 mg/kg) 
showed the largest adverse effect and significantly (P < 0.05) reduced the number of nodules 
per plant by 62 and 70%, at 90 and 120 DAS respectively, above the control. 
The reduction in nodulation was accompanied by significant decrease in dry mass of 
nodules (Table 36). The nodule dry mass recorded at 90 DAS (7 mg/plant) and 120 DAS (8 
mg/plant) in plants grown with 24 mg Cd/kg soil decreased by 22 and 53% (90 DAS) and 20 
and 58% (120 DAS), compared to 6 mg Cd/kg soil and control. Similarly, mixtures of metals at 
all concentrations decreased the dry nodule mass compared to control. Among the metal 
combinations, cadmium (24 mg/kg) with copper (1338 mg/kg) showed the highest toxic effects 
108 
and significantly reduced the dry nodule mass by 25 and 60 (at 90 DAS) and 22 and 63 % (at 
120 DAS) respectively, compared to 6 mg/kg of cadmium with 334.5 mg/kg of copper and 
control. In general, there was a decrease in the number of nodules while nodule mass increased 
with the plant age for each treatment 
4.12.3.4 Chlorophyll and leghaemoglobin content 
The effect of heavy metals on chlorophyll content in fresh foliage at 90 DAS varied among 
treatments (Table 37). A significant reduction of 23 and 33% in chlorophyll content of lentil 
foliage was observed when plants were raised in soil treated with 24 mg Cg/kg, compared to 
those observed at 6 mg Cd/kg soil and control plants (0.30 mg/g). Conversely, chromium at 68 
and 136 mg/kg, increased the chlorophyll content by 90 and 80% respectively, compared to the 
control. Further, 68 and 136 mg Cr/kg soil increased the chlorophyll content by 36 and 29%, 
respectively, compared to 34 mg Cr/kg soil. The chlorophyll content was reduced substantially 
when cadmium was used in combination with chromium and copper at all the three 
concentrations. The combination treatment of cadmium with copper at 24 and 1338 mg/kg 
decreased the chlorophyll content by 47%, which was followed by a decrease of 40% at 24 and 
136 mg/kg soil of Cd with Cr, over control plants. 
The nodules on the root system of lentil plants raised in soil amended with cadmium in 
general, had considerably a lower concentration of leghaemoglobin and decreased it by 25 and 
40% at 24 mg Cd/kg soil, compared to 6 mg/kg soil and control (0.10 m mol/g f m) (Table 37). 
In contrast, the leghaemoglobin content was enhanced by 20 % at 34 mg Cr/kg soil, compared 
to control, which progressively decreased with increasing rates of metals. Comparison between 
the three dose rates of chromium revealed a statistically significant (P < 0.05) decrease of 25% 
in leghaemoglobin content at 136 mg Cr/kg soil, compared to those observed at 34 mg/kg soil. 
In general, the leghaemoglobin in nodules of combined metal treatments was significantly (P < 
0.05) decreased; the maximum reduction being 60% with cadmium -copper (at 24 and 1338 
mg/kg soil), compared to control plants. 
4.12.3.5 Nitrogen content 
The average maximum decline in root N occurred at 24 mg Cd/kg that reduced the root N by 5 
and 6 (at 90 DAS) and 5 and 8% (at 120 DAS) respectively, compared to 6 mg Cd/kg soil and 
control (14.2 and 13.8 mg/g at 90 and 120 DAS, respectively) (Table 37). In comparison, 
chromium enhanced the root N marginally at 90 and 120 DAS at 34 mg/kg soil, which 
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consistently decreased with increase in the concentration of metals and plant age. While 
comparing the effect of three dose rates of chromium, 136 mg Cr/kg decreased the root N by 
5% each at 90 and 120 DAS, compared to those observed at 34 mg Cr/kg soil. Among the dual 
metal treatments, cadmium (24 mg/kg soil) when applied with copper (1338 mg/kg soil) 
reduced the N content by 11 and 14% after 90 and 120 DAS, respectively, relative to the 
control. A trend similar to root N was observed for shoot N with three metals and their 
combinations. Cadmium at 24 mg/kg had greater effect at 90 DAS and decreased the shoot N 
by 5 and 7%, compared to 6 mg Cd/kg soil and control respectively. Conversely, the lower rate 
of chromium marginally increased the shoot N content at both the sampling days, compared to 
control. The dual combinations of cadmium (24 mg/kg soil) and copper (1338 mg/kg soil) 
significantly (P < 0.05) reduced the shoot N content by 11 and 6% after 90 and 120 DAS, 
respectively, compared to the control. Generally, the N content of roots was severely affected 
than the shoot N with all levels of metals and plant age. 
4.12.3.6 Seed yield and grain protein 
Seed yield decreased consistently with increase in the rates of the metals, used either separately 
or in combination, compared to control (Table 37). Cadmium at 24 mg/kg decreased the seed 
yield by 12 and 17%, compared to 6 mg Cd/kg soil and control plants (100 mg/plant) 
respectively. On the contrary, chromium at 34 mg/kg had the greatest stimulatory effect and 
increased the seed yield by 4% compared to control while 136 mg Cr/kg soil reduced the seed 
yield by 12%, compared to 34 mg Cr/kg soil. The combination treatment of all the metals in 
general, inhibited the seed yield at all the concentrations, compared to control. The combination 
of cadmium (24 mg/kg) with copper (1338 mg/kg soil) decreased the seed yield by 29%, which 
was followed by 21% decrease in grain yield at 24 and 136 mg/kg of cadmium and chromium, 
compared to control treatment. 
Like the effect of metals on seed yield, grain protein also decreased with elevated 
concentrations of metals (Table 37). Though, cadmium was found as the most toxic metal but 
marginally decreased the grain protein by 3 and 5% at 24 mg/kg, compared to 6 mg Cd/kg soil 
and control. Among other metals, chromium at 34 mg/kg increased the grain protein marginally 
compared to control. Comparison between the three dose rates of chromium revealed a 
decrease of 4% in grain protein at 136 mg Cr/kg soil, compared to those observed at 34 mg/kg 
soil. The combination treatment of cadmium with copper at 24 and 1338 mg/kg decreased the 
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grain protein by 9% above the control treatment (240 mg/g). The multiple treatment of Cd with 
Cr and Cu decreased the grain protein at all the concentrations. 
4.12.3.7 Glutathione reductase activity 
The glutathione reductase (GR) activity under metal stress, increased considerably with 
increase in the concentration of cadmium, chromium and copper (Table 38). In this experiment, 
the maximum increase in GR activity was observed for cadmium at 24 mg/ kg which increased 
the GR activity of roots by 282 and 280% 90 and 120 days after sowing, compared to those 
observed for control at 90 (17 n mo\/mg protein) and 120 DAS (15 n mol/mg protein), 
respectively. In comparison, the same concentration of cadmium increased the GR activity in 
nodules by 300 and 308% after 90 and 120 DAS, respectively, compared to control. Copper at 
1338 mg/kg soil, increased the GR activity of roots and nodules by 100 and 93% (at 90 DAS) 
and 40 and 54% (at 120 DAS) respectively, compared to control. While comparing the effect of 
three dose rates of cadmium on GR activity, a significant increase of 117 and 115% (at 90 
DAS) and 119 and 141% (at 120 DAS) in GR activity of roots and nodules, respectively, was 
observed for 24 mg Cd/kg soil, compared to those determined at 6 mg/kg soil. Similarly, 
copper at 1338 mg/kg soil increased the GR activity of roots and nodules by 36 and 17% (at 90 
DAS) and 24 and 25% (at 120 DAS) compared to 334.5 mg/kg of copper applied to soils. In 
combination treatments, the maximum increase in GR activity in roots was observed with 
cadmium and copper (24 and 1338 mg/kg) which increased the GR activity by 335 and 336% 
after 90 and 120 DAS, respectively, relative to the control. Similarly, the GR activity in 
nodules increased by 327 (at 90 DAS) and 338% (at 120 DAS) at 24 mg Cd/kg and 1338 mg 
Cu/kg soil compared to control plants. Generally, the GR activity was recorded more in roots 
compared to those observed for nodules. The combined application of metals showed the 
greatest GR activity in both roots and nodules, compared to single metal application, which 
decreased consistently with increase in plant age. 
4.12.3.8 Phytoaccumulation of heavy metals 
The accumulation of cadmium, chromium and copper in roots and shoots (at 90 and 120 DAS) 
and grains (at 120 DAS) differed among treatments and a dose dependent decrease in metals 
was observed. A higher amount of cadmium (Fig. 75), chromium (Fig. 76) and copper (Fig. 77) 
in roots, shoots and grains, were observed when these metals were used individually compared 
with dual metal application. The lentil plants showed a maximum accumulation of cadmium in 
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roots (1.9 and 2.8 ^g/g) and shoots (0.5 and 0.8 \ig/g) after 90 and 120 DAS, respectively, and 
grains (0.3 \ig/g) at 120 DAS with 24 mg kg'' soil (Fig.75). In comparison, the concentration of 
chromium recorded in roots was (23.7 and 30.9 |ag/g) and shoots (14.5 and 20.6 [ig/g) at 90 and 
120 DAS, respectively, and grains (5.8 (ig/g) after 120 DAS, at 136 mg/kg soil (Fig. 76). The 
concentration of copper was higher in roots (72.1 and 82 )ag/g) and shoots (38.3 and 42.2 f^ g/g) 
at 90 and 120 DAS, respectively, and grains (10.5 ^g/g) after 120 DAS at 1338 mg/kg soil (Fig. 
77). The concentration of cadmium, chromium and copper in plant organs were however, 
reduced marginally when 24 mg kg"' of cadmium was applied with 136 mg/kg of chromium 
(Fig. 78 and 79) or 1338 mg/kg of copper (Fig. 80 and 81) and when 136 mg/kg of chromium 
was used with 1338 mg/kg of copper (Fig. 82 and 83). Generally, the accumulation of heavy 
metals was higher in roots compared with the shoots or grains at all levels of metals. The 
simultaneous application of metals in general, reduced the uptake of metals by plant organs. 
4.12.4 Pea 
4.12.4.1 Plant growth 
4.12.4.1.1 Length of plant organs 
The effect of three concentrations of cadmium, chromium and copper on pea organs 
measured at 90 and 120 days after sowing differed among treatments (Plate 3). Among the 
single metal treatments, cooper at 1338 mg/kg soil was the most toxic and reduced the root 
length significantly (P < 0.05) by 21 and 32 % (at 90 DAS) and 23 and 32% (120 DAS), 
compared to 334.5 mg Cu/kg and control. On the other hand, all the three concentrations of 
cadmium and chromium except 136 mg Cr/kg (at 90 and 120 DAS) increased the root length, 
above the control. A maximum increase of 9% (at 90 DAS) and 12% (at 120 DAS) in root 
length, was recorded at 12 mg Cd/kg soil, compared to control. While chromium at 68 mg/kg 
enhanced the root length by 12% at 120 DAS, in comparison to control. Chromium at 34 and 
68 mg/kg, increased the root length by 23 and 22%, respectively, at 120 DAS, compared to 
those recorded at 90 DAS. The reduction in root length of pea following mixtures of metals 
ranged between 23 (chromium with copper at 34 and 334.5 mg/kg soil) to 36% (chromium with 
copper at 136 and 1338 mg/kg) at 90 DAS while atl20 DAS, the reduction was between 20 
(chromium with copper at 34 and 334.5 mg/kg soil) to 36% (chromium with copper at 136 and 
1338 mg/kg), above the control. Similarly, the three concentrations of cadmium and chromium 
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except chromium at 136 mg/kg (at 120 DAS) increased the shoot length at the measured stages 
of plant growth, above the control. Copper at 1338 mg/kg soil had the most toxic effect and 
reduced the shoot length by 16 and 22% (at 90 DAS) and 14 and 23 % (at 120 DAS) 
respectively, compared to 334.5 mg Cu/kg soil and control. In comparison, cadmium at 12 
mg/kg soil, increased the shoot length the maximum being 15% each (at 90 and 120 DAS), 
compared to control. The reduction in shoot length of pea following mixtures of metals ranged 
between 15 (chromium with copper at 34 and 334.5 mg/kg soil) to 27% (chromium with copper 
at 136 and 1338 mg/kg), at 90 DAS and 23 (chromium with copper at 34 and 334.5 mg/kg soil) 
to 30% (chromium with copper at 136 and 1338 mg/kg) at 120 DAS, above the control. The 
increase in shoot length at 120 DAS was 15% greater than those observed at 90 DAS (47 cm) at 
12 mg Cd/kg. In contrast, the mixture of cadmium (6 mg/kg soil) and chromium (34 mg/kg 
soil) increased the length marginally at both the stages of plant growth, relative to the control. 
4.12.4.1.2 Root, shoot and whole biomass 
The dry weight of roots decreased with increase in the concentration of metals (Table 39). 
Among the single metal treatments, copper at 1338 mg kg"' soil decreased the root dry weight 
by 20 and 25% (at 90 DAS) and 23 and 29% (120 DAS), respectively, compared to 334.5 
mg/kg soil and control plants. In contrast, cadmium at 12 mg/kg soil increased the root dry 
weight by 35% (90 DAS) and 30% (120 DAS) respectively, compared to control. Among the 
dual metal treatments, cadmium with copper (24 and 1338 mg kg'' soil) decreased the root dry 
weight by 33 and 35%), at 90 and 120 DAS, respectively, compared to control. The increase in 
root dry weight at 120 DAS was 24% greater than those observed at 90 DAS at 12 mg Cd/kg. 
Copper at 1338 mg/kg soil decreased the shoot dry weight by 12 and 16 %> (at 90 DAS) and 9 
and 15%) (at 120 DAS), respectively, compared to 334.5 mg Cu/kg soil and control plants. 
Conversely, cadmium at 24 mg/kg soil increased the shoot dry weight by 7 and 57% (at 90 
DAS) and 3 and 52%) (at 120 DAS) respectively, compared to 6 mg Cd/kg soil and control. 
Among dual metal treatments, cadmium and copper (at 24 and 1338 mg/kg soil) decreased the 
shoot dry weight by 17 and 14%, at 90 and 120 DAS, respectively, compared to control. The 
increase in shoot dry weight at 120 DAS was 2\% greater than those observed at 90 DAS 
following 12 mg Cd/kg soil. 
The effect of three concentrations of cadmium, chromium and copper on dry matter 
accumulation in whole plants was variable (Table 39). Among the single metal treatments, 
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copper at 1338 mg/kg soil was the most toxic and reduced the total dry matter significantly (P < 
0.05) by 14 and 18% (at 90 DAS) and 12 and 17% (at 120 DAS) respectively, compared to 
334.5 mg Cu/kg soil and control. In contrast, the three concentrations of cadmium and 
chromium increased the dry matter, above the control, the maximum being 60 and 40% at 90 
DAS and 59 and 36% at 120 DAS following 12 mg Cd/kg and 68 mg Cr/kg soil, respectively, 
compared to control. Comparison between the three dose rates of cadmium revealed an increase 
of 10% each at 90 and 120 DAS in total dry weight at 12 mg Cd/kg soil, compared to those 
observed at 6 mg/kg soil. Similarly, chromium at 68 mg/kg soil increased the whole biomass by 
7%) each at 90 DAS and 120 DAS, compared to 34 mg Cu/kg of soil. The dry matter 
accumulation was reduced even further when copper was used in combination with cadmium 
and chromium. The reduction in dry biomass of pea following mixtures of metals ranged 
between 6 and 7 (chromium with copper at 34 and 334.5 mg/kg soil) to 16 and 18% (chromium 
with copper at 136 and 1338 mg/kg), at 90 and 120 DAS, respectively above the control. In 
contrast, the mixture of cadmium (24 mg/kg soil) and chromium (136 mg/kg soil) increased the 
dry matter by 16 and 13% at 90 and 120 DAS, respectively, relative to the control. The increase 
in total dry biomass of pea plants at 120 DAS was 20% greater than those observed at 90 DAS 
when soil was treated with 12 mg /kg of Cd. 
4.12.4.2 Symbiotic traits 
Nodulation response to each metal at 90 and 120 DAS varied considerably (Plate 9A). 
Comparison between control and metal treatments, revealed a significant increase in the 
number of nodules per plant following cadmium and chromium application to soil (Table 39). 
Generally, the application of copper to sandy clay loam soil reduced the number of nodules. 
Among the single metal treatments, 1338 mg Cu/kg soil decreased the number of nodules by 16 
and 25% (at 90 DAS) and 17 and 22 % (at 120 DAS) respectively, compared to 334.5 mg 
Cu/kg soil and control. In contrast, the number of nodules increased significantly (P < 0.05) by 
53% (at 90 DAS) and 72% (at 120 DAS) with 24 mg Cd/kg, compared to control and by 31% 
(at 90 DAS) and 50% (at 120 DAS) with 136 mg Cr/kg soil respectively, compared to control 
(75 and 83 nodules/plant at 90 and 120 DAS, respectively). Similarly, mixtures of metals at all 
levels except the three dose rates of cadmium with chromium decreased the number of nodules 
relative to the control. Among the metal combinations, cadmium (24 mg/kg) with copper (1338 
mg/kg) showed the largest adverse effect and significantly reduced the number of nodules by 
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33% each at 90 and 120 DAS respectively, above the control. Cadmium with chromium (6+ 34 
mg/kg) significantly enhanced the number of nodules per plant by 37 and 47% at 90 and 120 
DAS, respectively, compared to control plants. The reduction in nodulation was accompanied 
by significant decrease in dry mass of nodules following metal application or metal free control 
(Table 39). Of the sole metal application, 1338 mg Cu/kg soil decreased the nodule dry mass by 
17 and 22% (at 90 DAS) and 23 and 24 % (at 120 DAS) respectively, compared to 334.5 mg 
Cu/kg and control. While the nodule dry mass increased significantly by 51% (at 90 DAS) and 
55% (at 120 DAS), respectively, with 24 mg Cd/kg compared to control and 30% (at 90 DAS) 
and 34% (at 120 DAS) at 136 mg Cr/kg soil, compared to control respectively. Similarly, all 
rates of mixtures of metals except the three concentrations of cadmium with chromium 
decreased the dry nodule mass compared to control. Among the metal combinations, Cd (24 
mg/kg) with Cu (1338 mg/kg) showed the largest toxic effects and significantly (P < 0.05) 
reduced the dry matter accumulation in nodules by 27 and 25 % at 90 and 120 DAS 
respectively, above the control (Table 39). Generally, the number of nodules on root system of 
pea plants grown in metal treated soils decreased with plant age while nodule mass increased 
with increasing age of plants. 
4.12.4.3 Chlorophyll, nitrogen and leghaemoglobin content 
The chlorophyll content in fresh foliage of pea plants determined at 90 DAS varied among 
treatments (Table 40). Cadmium at 24 mg kg'" declined the chlorophyll content by 13 and 17% 
compared to 6 mg/kg soil and control plants (0.84 mg/g) respectively. In comparison, the three 
concentrations of chromium marginally increased the chlorophyll content. The chlorophyll 
content was reduced even further when cadmium was used in combination with chromium and 
copper at all the three concentrations. The mixture of cadmium with copper (at 24 and 1338 
mg/kg) decreased the chlorophyll content by 12 and 21% compared to 6 and 334.5 mg 
cadmium-copper/kg and control, respectively. 
The average maximum decline in root N occurred at 1338 mg Cu/kg (Table 40) that 
significantly reduced the root N by 15 and 20% (at 90 DAS) and 14 and 17% (at 120 DAS), in 
comparison to 334.5 mg Cu/kg soil and control, respectively. Cadmium at 12 mg kg"' soil 
however, enhanced the root N by 5 and 14 % (at 90 DAS) and 9 and 17% (at 120 DAS), 
compared to 6 mg Cd/kg soil and control, respectively. Among the dual metal treatments, 
cadmium (24 mg/kg soil) when applied with copper (1338 mg/kg soil) significantly (P < 0.05) 
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reduced the root N content by 26 and 20% 90 and 120 days after sowing, respectively, 
compared to the control. Generally, the accumulation of N was more in roots at 90 DAS which 
progressively decreased with increase in plant age for all the treatments; the maximum being 16 
(cadmium alone at 6 mg/kg soil) to 17% (cadmium-copper at 6 and 334.5 mg/kg soil) at 120 
DAS compared to those observed for 90 DAS. A trend similar to root N was observed for shoot 
N with three metals and their combinations. The average maximum increase in shoot N content 
at 24 mg Cd/kg was 28 % (at 90 DAS) and 29% (at 120 DAS), compared to control. Among 
the dual metal treatments, cadmium (24 mg/kg soil) when applied with copper (1338 mg/kg 
soil) significantly reduced the N content by 13 and 21% 90 and 120 days after sowing 
respectively, compared to the control. The N content of roots was severely affected than shoot 
N with all levels of metals and followed a trend similar to those for roots in terms of percent 
increase or decrease with plant age. 
The nodules on the root system of pea plants raised in soil amended with 1338 mg 
Cu/kg soil had considerably a lower concentration of leghaemoglobin (0.08 m mol/g f m). 
Copper at 1338 mg/kg soil decreased the leghaemoglobin measured at 90 DAS by 27 and 33%, 
compared to 334.5 mg Cu/kg soil and control, respectively (Table 40). In contrast, the 
leghaemoglobin content was increased by 14 and 33 % at 12 mg Cd/kg soil, compared to 6 mg 
Cd/kg soil and control, respectively. In general, the leghaemoglobin in nodules of combined 
metal treatments were significantly decreased compared to control. A maximum reduction of 
33 % in leghaemoglobin was observed with Cd -Cu (at 24 and 1338 mg/kg soil), relative to the 
control which was followed by 25% at 136 and 1338 mg Cr-Cu/kg soil. 
4.12.4.4 Seed yield and grain protein 
Seed yield decreased progressively with increase in concentration of copper used either 
separately or in combination (Table 40). Copper at 1338 mg Cu/kg soil significantly decreased 
the seed yield by 12 and 15 %, relative to 334.5 mg Cu/kg soil and control respectively. The 
average maximum increase of 13 and 8 % was observed with Cd at 24 mg kg"' soil and 
chromium at 136 mg/kg soil respectively, compared to control. A maximum increase of 7 and 
6% in seed yield was observed at harvest, respectively, when soil was treated with 12 mg Cd/kg 
soil and 68 mgCr/kg soil compared to 6 mg Cd/kg and 34 mg Cr/kg soil. The average 
maximum reduction in seed yield among combination treatments was 20% when 24 and 1338 
mg/kg of cadmium-copper was applied together, relative to the control. The average maximum 
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increase of 7% in seed yield was observed for cadmium-chromium (6 and 34 mg/kg soil) which 
decreased consistently with increase in metal concentrations of each mixture treatment, 
compared to control. Cadmium and chromium in general, progressively increased the grain 
protein (GP) with increasing concentrations of tested metals (Table 40). The average maximum 
GP was observed with 24 mg Cd/kg (232 mg/g) and 136 mg Cr/kg (230 mg/g). In comparison, 
copper used either alone or as mixture decreased the GP consistently with increasing levels, 
relative to control. Cadmium (24 mg/kg) with copper (1338 mg/g) declined the GP by 7% 
compared to control. The mixtures of metals in general, had the greatest toxic effect on GP 
compared to single metal application. 
4.12.4.5 Glutathione reductase activity 
The glutathione reductase, an antioxidant enzyme, synthesized within roots and nodules under 
metal stress, increased considerably with increase in the concentration of cadmium, chromium 
and copper (Table 41). In this experiment, the maximum increase in GR activity was observed 
for cadmium at 24 mg/kg which increased the GR activity of roots by 260 and 306% 90 and 
120 days after sowing respectively, compared to those observed for control at 90 (20 n mol/mg 
protein) and 120 DAS (16 n mol/mg protein), respectively. In comparison, the same 
concentration of cadmium increased the GR activity in nodules by 319 and 307% at 90 and 120 
DAS, respectively, compared to control. Comparison between the three dose rates of cadmium 
demonstrated a profound increase of 100 and 103% (at 90 DAS) and 124 and 104% (at 120 
DAS) in GR activity of roots and nodules, respectively, at 24 mg Cd/kg soil, compared to those 
observed at 6 mg/kg soil. Similarly, copper at 1338 mg/kg soil increased the GR activity of 
roots and nodules by 17 and 22% (at 90 DAS) and 26 and 19% (at 120 DAS) compared to 
334.5 mg/kg of copper applied to soils. In combination treatments, the maximum increase in 
GR activity in roots was assayed when cadmium was applied with copper (24 and 1338 mg/kg) 
which increased the GR activity by 280 and 319% after 90 and 120 DAS, respectively, 
compared to control. Similarly, the GR activity in nodules increased by 338 (at 90 DAS) and 
329% (at 120 DAS) at 24 mg Cd/kg and 1338 mg Cu/kg soil compared to control plants. 
Generally, the GR activity was recorded more in roots compared to that of nodules. The 
combined application of metals showed the greatest GR activity in both roots and nodules, 
compared to single metal application, which decreased consistently with increase in plant age. 
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4.12.4.6 Phytoaccumulation of heavy metals 
The accumulation of cadmium, chromium and copper in roots and shoots (at 90 and 120 DAS) 
and grains at 120 DAS differed among treatments. The concentration of metals in plant organs 
were affected invariably by the dose rates of each metal applied. A higher amount of cadmium 
(Fig. 84), chromium (Fig. 85) and copper (Fig. 86) in roots, shoots and grains, were observed 
when these metals were used individually compared with dual metal application. The pea plants 
showed a maximum accumulation of cadmium in roots (1.5 and 2.1 ng/g) and shoots (0.62 and 
1.1 ^g/g) at 90 and 120 DAS respectively, and grains (0.32 pg/g) at harvest with 24 mg/kg soil 
(Fig.84). In comparison, the higher concentration of chromium in roots at 90 and 120 DAS was 
24.5 and 28.4 |ig/g and in shoots was 15.5 and 17.9 ^g/g, respectively while in grains, it was 
2.7 \ig/g (Fig. 85). The application of 1338 mg/kg soil of copper showed the higher 
accumulation of copper in roots at 90 and 120 DAS (14.4 and 17.7 i^ g/g) and shoots (8.5 and 
11.7 ^ig/g) and at harvest in grains as 3.7 |ig/g (Fig. 86). The concentration of cadmium, 
chromium and copper in plant organs were however, reduced marginally when 24 mg/kg of 
cadmium was applied with 136 mg/kg of chromium (Fig. 87 and 88) or 1338 mg/kg of copper 
(Fig. 89 and 90) and when 136 mg/kg of chromium was used with 1338 mg/kg of copper (Fig. 
91 and 92). Generally, the phytoaccumulation of heavy metals was higher in roots compared to 
the shoots or grains at all levels of metals. Moreover, the simultaneous application of metals 
reduced the uptake of these metals by plant organs. 
4.13 Bioremediation studies 
4.13.1 Growth of chickpea influenced by chromium reducing Mesorhizobium RC3 in 
chromium treated soils 
4.13.1.1 Plant growth and nodulation 
In this experiment, chromium-reducing and plant growth promoting Mesorhizobium strain RC3 
was used to assess its bioremediation potential in pot house conditions using chickpea as a test 
legume crop. The chickpea plants grew poorly, when the soil was amended only with 
chromium (Plate 6). Generally, the growth and nodulation decreased progressively with 
increasing concentration of Cr (VI). Among the three concentration of Cr (VI), Cr (VI) at 136 
mg/kg soil had the largest toxic effects and significantly (P < 0.05) decreased root length, shoot 
length, dry root weight, dry shoot weight, nodule numbers, nodule dry weight and total dry 
weight by 28, 24, 20, 21, 16, 3 and 18% at 90 DAS, and root length, shoot length, dry root 
118 
weight, dry shoot weight and total dry weight by 25, 18, 38, 12 and 17% at 135 DAS, 
respectively, relative to the control. In comparison, when Mesorhizobium sp. RC3 was also 
used with Cr (VI), it increased the measured parameters (Table 42). The bio-inoculant when 
added with 136 mg Cr/kg increased the root length, shoot length, dry shoot weight, nodule 
numbers, nodule dry weight and total dry weight by 11, 8, 48, 44, 47 and 33% at 90 DAS, 
respectively, while these parameters increased marginally at 135 DAS, compared to control 
(Table 42). While comparing the effects of different concentrations of chromium on inoculated 
plants, 136 mg CrA^g soil showed a maximum increase of 72, 56, 43, 92, 86, 55 and 71% at 90 
DAS, in root length, shoot length, dry root weight, dry shoot weight, nodule numbers, dry 
nodule mass and total dry mass, respectively, and 67, 39, 85, 22 and 31% at 135 DAS in root 
length, shoot length, dry root weight, dry shoot weight and total dry mass, respectively, 
compared to non-inoculated plants but having the same concentration of chromium. The two 
way ANOVA revealed that the individual effects of inoculation and chromium was significant 
(P < 0.05) for the measured parameters except the individual effects of chromium on dry root 
weight at 90 and 135 DAS, dry shoot weight at 135 DAS, dry nodule weight at 90 and 120 
DAS and total dry mass at 90 and 135 DAS. However, the interactive effect of inoculation and 
Cr (inoculation x Cr) was non significant for dry root weight at 90 and 135 DAS, dry shoot 
weight at 135 DAS, dry nodule weight at 90 DAS and total dry matter production at 135 DAS. 
4.13.1.2 Chlorophyll and leghaemoglobin content 
Chlorophyll and leghaemoglobin content measured at 90 DAS, decreased consistently with 
increasing concentrations of chromium (Table 43) without the inoculation of strain RC3. 
Chromium at 136 mg/kg was the most toxic and decreased the chlorophyll and 
leghaemoglobin content by 11 and 46%, respectively, compared to uninoculated control. In 
comparison, the bioinoculant showed a maximum increase in the chlorophyll and 
leghaemoglobin content of 13 and 27%, respectively, at 68 mg Cr/kg soil compared to 
inoculated but without chromium which was 18 and 6% higher than the values obtained at 136 
mg Cr/kg treated soils. While comparing the effects of different concentrations of chromium 
on inoculated plants, a maximum increase of 27 and 129% in chlorophyll and leghaemoglobin 
content, respectively, was observed at 136 mg Cr/kg soil compared to non-inoculated but 
treated with the same concentration of chromium. Two factor ANOVA revealed that the 
individual effects of inoculation and chromium and their interaction were significant (P < 0.05) 
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for the measured parameters, except the individual effect of chromium and interaction on 
chlorophyll content. 
4.13.1.3 Nitrogen content, seed yield and grain protein 
Nitrogen content in roots and shoots at 90 and 135 DAS and seed yield and grain protein at 
harvest (135 DAS) of chickpea plant decreased consistently with increase in the concentration 
of chromium (Table 43). Chromium at 136 mg/kg soil, decreased root N content by 19 and 
27%, shoot N by 13 and 9%, at 90 and 135 DAS, respectively, and seed yield and grain protein 
by 15 and 4%, respectively, compared to the control. In comparison, the bio-inoculant 
increased the root N by 6% each at 90 and 135 DAS, shoot N by 8 and 12% at 90 and 135 
DAS, respectively, and seed yield and grain protein by 9 and 4%, respectively, at 68 mg Cr/kg 
compared to inoculated but untreated control. While comparing the effects of different 
concentrations of chromium on inoculated plants, a maximum increase of 46 and 45% in root 
N at 90 and 135 DAS, 40 and 26% in shoot N at 90 and 135 DAS, 27% in seed yield and 8% 
in grain protein was observed at 136 mg Cr/kg soil compared to non-inoculated but having the 
same concentration of chromium. Two factor ANOVA revealed that the individual effects of 
inoculation and chromium and their interaction (inoculation x chromium) were significant (P < 
0.05) for the measured parameters. 
4.13.1.4 Chromium uptake 
Accumulation of Cr in the roots and shoots at 90 DAS and 135 DAS and grains at 135 DAS, 
increased with increase in the concentration of Cr (VI) in soil. The average maximum 
accumulation of 42 \ig/g and 29 ng Cr/g in roots and shoots (Fig 93) after 90 DAS and 64, 36 
and 17 |ag/g was observed in roots, shoots and grains (Fig. 94) after 135 DAS at 136 mg Cr/kg 
soil, when chickpea plants were grown in the absence of bio-inoculant. In contrast, a maximum 
accumulation of 36 and 19 ^g Cr/g in roots and shoots (Fig 93) after 90 DAS and 58, 19 and 12 
^g Cr/g was observed in roots, shoots and grains (Fig. 94) after 135 DAS at 136 mg Cr/kg soil 
respectively, when plants were grown in the presence of bio-inoculant. 
4.13.2 Chromium tolerant ^aci7/«5 PSBIO affecting chickpea in chromium treated soils 
4.13.2.1 Plant growth and nodulation 
In this study, the chickpea were severly affected by the chromium toxicity in the absence of 
bio-inoculant but when chickpea seeds were inoculated with plant growth promoting 
rhizobacterium. Bacillus sp. PSBIO and grown in sandy clay loam soils amended with different 
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concentrations of Cr (VI) applied separately, increased the measured parameters (Table 44). 
The Bacillus PSBIO when used with 68 mg/kg Cr (VI) increased the root length, shoot length, 
dry root weight, dry shoot weight, nodule numbers, nodule dry weight and total dry weight by 
17, 13, 21, 17, 19, 40 and 18%, at 90 DAS, respectively, compared to control and root length, 
shoot length, dry root weight, dry shoot weight and total dry weight by 11, 12, 19, 25 and 24%, 
respectively, after 135 DAS, compared to inoculated control. While comparing the effects of 
Bacillus PSBIO on chickpea applied with different concentrations of chromium, a maximum 
increase of 72, 60, 115, 56, 62, 15 and 39% at 90 DAS, in root length, shoot length, dry root 
weight, dry shoot weight, nodule numbers, dry nodule mass and total dry mass, respectively, 
and 58, 35, 115, 59 and 71% at 135 DAS, in root length, shoot length, dry root weight, dry 
shoot weight and total dry mass respectively, was observed at 136 mg Cr/kg soil compared to 
non-inoculated but having same concentration of chromium. The two way ANOVA revealed 
that the individual effects of inoculation and chromium was significant (P < 0.05) for the 
measured parameters except the individual effects of inoculation on nodule numbers at 90 
DAS, individual effect of chromium on dry root weight at 90 and 135 DAS, dry shoot weight at 
135 DAS and dry nodule weight at 90 DAS. The interactive effect of inoculation and chromium 
was non significant for dry root weight at 90, dry shoot weight at 90 and 135 DAS, dry nodule 
weight at 90 DAS and total dry matter production both at 90 and 135 DAS. 
4.13.2.2 Chlorophyll and leghaemoglobin content 
Chlorophyll and leghaemoglobin content at 90 DAS decreased consistently with increase in 
the concentration of chromium (Table 45) without the inoculation of Bacillus PSBIO strain. 
Chromium at 136 mg/kg decreased the chlorophyll and leghaemoglobin content by 11 and 
46%, respectively, compared to un-inoculated (0.84 mg/g and 0.13 m mol/gfm for chlorophyll 
and leghaemoglobin, respectively) control. In comparison, the bio-inoculant increased the 
chlorophyll content by 7% while it enhanced the leghaemoglobin content by 25%, at 68 mg 
Cr/kg soil compared to inoculated but without chromium. While comparing the effects of 
different concentrations of chromium on inoculated plants, a maximum increase of 23 and 
143% in chlorophyll and leghaemoglobin was recorded at 136 mg Cr/kg soil compared to non-
inoculated but having the same concentration of chromium. Two factor ANOVA revealed that 
the individual effects of inoculation and chromium and their interaction (inoculation x Cr) 
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were significant (P < 0.05) for the measured parameters, except the individual effect of Cr on 
chlorophyll content. 
4.13.2.3 Nitrogen content, seed yield and grain protein 
Nitrogen content determined at 90 and 135 DAS and seed yield and grain protein assayed at 
135 DAS of chickpea declined progressively with increasing rates of chromium (Table 45). The 
N content in roots at 90 (13 mg/g) and 135 DAS (11 mg/g), and in shoots at 90 (20 mg/g) and 
135 DAS (19.7 mg/g) decreased significantly following 136 mg Cr/kg soil application, 
compared to control. Similarly, the seed yield (4.4 g/plant) and grain protein (220 mg/g) 
declined by 15 and 4%, respectively, compared to inoculated control (5.2 g/plant and 230 
mg/plant for seed yield and grain protein, respectively). In comparison, the chromium reducing 
Bacillus strain PSBIO increased the root N by 4 and 11%, shoot N by 3% each at 90 and 135 
DAS respectively, seed yield and grain protein by 4 and 1% respectively, at 136 mg/kg soil, 
compared to inoculated but metal free control. While comparing the effects of different 
concentrations of Cr on inoculated plants, a maximum increase of 100 and 127%, in root N and 
70 and 52% in shoot N at 90 and 135 DAS, 32%) in seed yield and 10% in grain protein was 
recorded at 136 mg Cr/kg soil, compared to non-inoculated but amended with the same 
concentration of Cr. Two factor ANOVA revealed that the individual effects of inoculation and 
Cr and their interaction (inoculation x Cr) were significant for the measured parameters. 
4.13.2.4 Chromium uptake 
Accumulation of chromium in the roots and shoots at 90 and 135 DAS and grains at 135 DAS 
increased with increasing dose of Cr (VI), added to soil. A maximum uptake of 42 |ig/g and 29 
|ig Cr/g was observed in roots and shoots (Fig 95) at 90 DAS while at 135 DAS, the uptake 
was 64, 36 and 17 |ag/g by roots, shoots and grains (Fig. 96) at 136 mg Cr/kg soil, when 
chickpea plants were raised in the absence of bio-inoculant. In comparison, a maximum 
accumulation of 30 and 17 |ig Cr/g in roots and shoots (Fig 95) at 90 DAS and 50, 22 and 11 
^g Cr/g was observed in inoculated roots, shoots and grains (Fig. 121) after 135 DAS at 136 
mg Cr/kg soil, respectively. 
4.13.3 Effect of metal tolerant Bradyrhizobium RMS and different concentrations of nickel 
and zinc on greengram plants 
The production of phytohormones by the metal tolerant bradyrhizobial strain RMS in the 
presence and absence of both nickel and zinc prompted to assess the effect of this bio-inoculant 
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on the performance of greengram, grown in nickel and zinc amended soil. The bacteria 
inoculated and non-inoculated greengram plants grown in sandy clay loam soil subjected to 
three levels each of nickel (Table 46) and zinc (Table 47) responded differently in terms of 
plant growth. The non-inoculated plants exposed to different concentrations of nickel 
demonstrated a significant (P < 0.05) inhibition in plant growth and nodulation. Generally, the 
dry matter accumulation and nodulation 50 and 80 days after sowing decreased consistently 
with increase in the concentration of nickel. In the absence of bio-inoculant, nickel at 580 
mg/kg of soil significantly (P < 0.05) decreased the root length, shoot length, root dry weight, 
shoot dry weight, nodule numbers, nodule dry mass and total dry mass by 8, 33, 21, 23, 25, 13 
and 23%, respectively, at 50 DAS and 21, 24, 30, 23, 40, 18 and 24% respectively at 80 DAS, 
relative to the control. In general, with the increase in concentration of nickel, a progressive 
decrease in the measured parameters was observed. In contrast, the inoculated plants exposed 
to different concentration of nickel increased the measured parameters. The bio-inoculant strain 
RM 8 significantly (P < 0.05) increased the root length, shoot length, dry root weight, dry shoot 
weight, nodule numbers, nodule dry mass and total dry mass by 42, 15, 20, 16, 54, 56 and 18%, 
respectively, at 50 DAS and 17, 20, 13, 16, 22, 33 and 21%, respectively, at 80 DAS, when 
plants were grown in soil amended with 290 mg Ni/kg, compared to inoculated but without 
metal treated soil. While comparing the effects of different concentrations of nickel on 
inoculated plants, a significant increase of 80, 67, 41, 44, 82, 75 and 45%, at 50 DAS, and 75, 
60, 29, 52, 83, 60 and 52%, at 80 DAS, in root length, shoot length, dry root weight, dry shoot 
weight, nodule numbers, dry nodule mass and total dry mass, respectively, was observed at 290 
mg Ni/kg soil compared to non-inoculated plants. The bio-inoculant further increased the root 
length, shoot length, dry root weight, dry shoot weight, nodule numbers, dry nodule mass and 
total dry mass significantly (P < 0.05) by 29, 80, 20, 25, 22, 13 and 24% at 50 DAS and 40, 54, 
21, 26, 89, 11 and 25%, at 80 DAS, respectively, even at 580 mg Ni/kg soil, compared to non-
inoculated but amended with the same dose of nickel. The two way ANOVA revealed that the 
individual effects of inoculation and nickel and their interaction (inoculation x nickel) was 
significant (P < 0.05) for the .neasured parameters. 
The inoculated and non-inoculated plants exposed to three levels of zinc showed a 
variable plant growth (Table 47). Zinc at a concentration of 9780 mg/kg soil showed greatest 
phytotoxic effects on greengram plants and decreased root length, shoot length, dry root 
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weight, dry shoot weight, nodule numbers, dry nodule mass and total dry mass significantly (P 
< 0.05) by 24, 40, 26,26, 33 25 and 26%, at 50 DAS, and 32, 35, 30, 25, 40, 27 and 26%, at 80 
DAS, respectively, relative to the control. In contrast, plants inoculated with strain RM 8 
significantly (P < 0.05) increased root length, shoot length, dry root weight, dry shoot weight, 
nodule numbers, dry nodule mass and total dry mass significantly by 92, 11, 29, 29, 38, 17 and 
28% at 50 DAS and 54, 73, 19, 29, 78, 13 and 28% at 80 DAS, respectively, compared to un-
inoculated but amended with the same rate of zinc application. However, a maximum increase 
of 107, 83, 33, 28, 50, 71 and 28%, at 50 DAS, and 100, 77, 16, 25, 73, 67 and 26%, at 80 
DAS, in root length, shoot length, dry root weight, dry shoot weight, nodule numbers, dry 
nodule mass and total dry mass ,respectively, was observed when inoculated plants were 
exposed to 4890 mg Zn/kg soil, compared to plants grown in the absence of bio-inoculant, but 
amended with the same concentration of metal. Generally, the bio-inoculant, significantly (P < 
0.05) increased the measured parameters when greengram plants were grown in soils exposed 
to all the three concentration of zinc separately. The two way ANOVA revealed that the 
individual effects of inoculation and zinc and their interaction (inoculation x zinc) was 
significant (P < 0.05) for all the measured parameters except the interactive effect of 
inoculation vs zinc on dry root weight at 50 and 80 DAS and inoculation, zir: and their 
interaction for nodule numbers at 50 DAS. 
Chlorophyll content and leghaemoglobin at 50 DAS, nitrogen content at 50 and 80 DAS 
and seed yield and seed protein at harvest (80 DAS) decreased consistently with increase in the 
concentration of nickel (Table 48) and zinc (Table 49) without the inoculation of RMS strain. 
At a concentration of 290 mg Ni/kg soil, the percent decrease was 9, 29, 14 and 13 for 
chlorophyll, leghaemoglobiii, root N and shoot N at 50 DAS, and 11, 13, 5 and 6 for root N, 
shoot N, seed yield and seed protein at 80 DAS, respectively; for 580 mg Ni/kg soil, 13, 43, 35 
and 25 for chlorophyll, leghaemoglobin, root N and shoot N at 50 DAS and 16, 21, 20 and 11 
for root N, shoot N, seed yield and seed protein at 80 DAS, respectively, compared to the 
control. In comparison, the inoculated strain RMS significantly (P < 0.05) increased the 
chlorophyll, leghaemoglobin, root N and shoot N by 14, 120, 41 and 37%, at 50 DAS and root 
N, shoot N, seed yield and giain protein by 38, 37, 34 and 13%, respectively, at 80 DAS, at 
290 mg Ni/kg soil, compared to un-inoculated but containing 290 mg Ni/kg soil. The measured 
parameters were also increased at 580 mg Ni/kg soil inoculated with Bradyrhizobium strain 
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RMS compared to non-inoculated but nickel amended soil. While comparing the effects of 580 
mg Ni/kg soil and inoculation effects, the strain RMS significantly (P < 0.05) increased the 
chlorophyll and leghaemoglobin content of fresh nodules by 19 and 175%, respectively, at the 
same rate of nickel concentration. However, the N contents, seed yield and seed protein did not 
differ significantly (P < 0.05) among inoculated and non-inoculated plants at 580 mg Ni/kg 
soil. The two factor ANOVA demonstrated that the individual effects of inoculation and nickel 
and their interaction (inoculation x nickel) were significant (P < 0.05) for the measured 
parameters except the individual effect of nickel on chlorophyll and leghaemoglobin and the 
interaction only for chlorophyll contents. 
Similarly, the highest effect of zinc was found at 9780 mg/kg soil which decreased the 
chlorophyll content, leghaemoglobin, root N and shoot N by 5, 29, 35 and 36%, at 50 DAS, 
and root N, shoot N, seed yield and seed protein by 26, 29, 25 and 13%, at 80 DAS, 
respectively, compared to the control (Table 49). In comparison, the inoculated strain RMS 
increased the chlorophyll content, leghaemoglobin, root N and shoot N by 11, 120, 18 and 29 
at 50 DAS and root N and shoot N, seed yield and grain protein at 80 DAS by 29, 38, 33 and 
9%, respectively, compared to the plants grown in soil exposed to 9780 mg Zn/kg soil. 
However, zinc at 4890 mg/kg soil inoculated with strain RMS exhibited a greatest stimulatory 
effect and significantly (P < 0.05) increased the chlorophyll content and leghaemoglobin by 9 
and 100%, respectively, at 50 DAS, root N by 47 (50 DAS) and 15 (SO DAS) and shoot N by 
42 (50 DAS) and 70 % (SO DAS) and seed yield and grain protein by 36% and 13%, 
respectively, compared to plants grown in soil amended solely with 4890 mg Zn/kg soil. 
Chlorophyll, leghaemoglobin, seed yield, seed protein and N content were also increased at 
580 mg Ni/kg and 9780 mg Zn/kg soil inoculated with Bradyrhizobium RMS compared to un-
inoculated but nickel and zinc amended soil. The two way ANOVA showed that the individual 
effects of inoculation and zinc and their interaction (inoculation x zinc) were significant (P < 
0.05) for all the measured parameters except the individual effects of zinc and interaction on 
chlorophyll content. 
The accumulation of nickel and zinc in plant tissues differed among treatments. The 
uptake of nickel and zinc by the roots and shoots at 50 and 80 DAS and grains at harvest of 
greengram plants increased with increase in the concentration of tested metals. A significantly 
higher concentration of nickel and zinc in roots and shoots at 50 DAS and roots, shoots and 
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grains at 80 DAS was observed when greengram plants were grown in the absence of bio-
inoculant but amended with 580 mg Ni/kg soil. The average maximum accumulation of 153.7 
and 92.2 |ig Ni/g was observed in roots and shoots (Fig. 97) at 50 DAS and 181.4, 138.4 and 32 
Hg/g was detected in roots, shoots and grains (Fig. 98) at 80 DAS, at 580 mg Ni/kg soil, when 
greengram plants were grown in the absence of bio-inoculant. In contrast, a maximum 
accumulation of 130.3 and 74.6 |ig/g in roots and shoots (Fig 97) at 50 DAS and 139.9, 121.1 
and 25 |ag/g in roots, shoots and grains (Fig. 98) was observed at 80 DAS, at 580 mg Ni/kg soil, 
when plants were grown in the presence of bio-inoculzmt. The inoculated strain reduced the 
concentration of nickel in roots and shoots by 15 and 19% at 50 DAS and roots, shoots and 
grains by 23, 13 and 22% at 80 DAS, respectively, when plants were grown in soil amended 
with 580 mg Ni/kg soil. Similarly, at a concentration of 9780 mg Zn/kg soil, the maximum 
concentration of zinc was found as 496 and 394 |ag Zn/g in roots and shoots (Fig. 99) 50 days 
after sowing and 555, 448 and 123 ]xg Zn/g in roots, shoots and grains (Fig 100) 80 days after 
sowing, respectively, when greengram plants were grown in the absence of bio-inoculant. On 
the contrary, the average maximum accumulation of zinc was determined as 449.8 and 436.6 
Hg Zn/g in roots and shoots (Fig. 99) 50 days after sowing and 468, 350.1 and 105 ^g Zn/g in 
roots, shoots and grains (Fig. 100) 80 days after sowing, respectively, at 9780 mg Zn/kg soil 
inoculated with strain RM8. Further, the data revealed a lower concentration of nickel and zinc 
in tissues and grains of bio-inoculant treatment, compared to the un-inoculated greengram 
plants. While for zinc (9780 mg/kg) treated soil, the bio-inoculant decreased the uptake of zinc 
in roots and shoots by 9 and 11 % at 50 DAS and in roots, shoots and grains by 9, 11 and 15% 
at 80 DAS, respectively, compared to plants grown in the absence of bio-inoculant. 
4.13.4 Impact of metal tolerant Rhizobium RL9 on lentil grown in metal amended soil 
4.13.4.1 Plant growth and nodulation 
The nickel, lead and zinc tolerant Rhizobium strain RL9 was used to assess its impact on lentil 
plants sown in soils treated separately with three concentrations of nickel, lead and zinc to 
which strain RL9 showed tolerance under in vitro conditions. Lentil plants grown in soil 
amended with different rates of nickel showed a variable growth and nodulation (Table 50). 
Generally, length and weights of plant organs (roots and shoots) and nodulation at 90 and 120 
DAS, decreased progressively with increase in rates of nickel. Nickel at 580 mg/kg soil had the 
greatest phytotoxic effect and significantly (P < 0.05) decreased the length of roots and shoots 
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by 43 and 39%, at 90 DAS, and 41 and 33%, at 120 DAS, dry weight of roots and shoots by 27 
and 19% at 90 DAS, and 28 and 19% at 120 DAS, nodule numbers and nodule dry weights by 
58 and 54% at 90 DAS, and 47 and 50%, at 120 DAS, respectively. Similarly, the total dry 
weights of lentil plants decreased by 23% and 24%) at 90 and 120 DAS, respectively, compared 
to control. In contrast, plants inoculated with strain RL9 increased the measured parameters, 
even in the presence of nickel (Plate 7A). Rhizobial strain when used with 290 mg Ni/kg had 
the highest stimulatory effect and increased the root length, shoots length, dry root weight, dry 
shoots weight, nodule numbers and nodule dry weight by 73, 71, 205, 145, 50 and 157% at 90 
DAS and 79, 33, 172, 140, 82 and 109% at 120 DAS, respectively, compared to un-inoculated 
but 290 mg Ni/kg amended soil. Likewise, the dry matter accumulation in whole lentil plants 
increased by 160 and 147%, at 90 and 120 DAS, respectively, when 290 mg Ni/kg soil was also 
applied with inoculant strain, compared to un-inoculated but amended with 290 mg/kg nickel 
(Table 50). Furthermore, the growth and nodulation also increased even at 580 mg Ni/kg soil in 
the presence of bio-inoculant. The two way ANOVA revealed that the individual effects of 
inoculation and nickel and their interaction (inoculation x Ni) was significant (P < 0.05) for the 
measured parameters at 90 and 120 DAS. 
The toxicity of lead to lentil plants increased with increase in the concentration, both in 
presence and absence of bio-inoculant (Table 51). Lead at 390 mg/kg soil had the greatest 
toxicity to lentil plants and significantly (P < 0.05) decreased the length of roots and shoots by 
33 and 39%) at 90 DAS and 33 and 29%o at 120 DAS, dry weight of roots and shoots by 25 and 
17% at 90 DAS and 23 and 15% at 120 DAS and total dry biomass by 22 and 19% at 90 and 
120 DAS, respectively, compared to control. Symbiotic parameters assessed in this study were 
also adversely affected following lead application to soils. Generally, the lead toxicity to 
symbiotic properties increased with increasing dose of lead. A maximum decline in symbiotic 
properties (nodule numbers and nodule dry mass) was observed at 390 mg/kg soil that 
significantly reduced the nodule numbers by 42 and 33%, at 90 and 120 DAS, compared to 
control (12 and 15 nodules per plant at 90 and 120 DAS, respectively). The decrease in nodule 
number accompanied a significant decrease in the nodule mass both at 90 and 120 DAS and 
was metal concentration dependent. In contrast, plants inoculated with RL9 increased the 
measured parameters, even in the presence of lead (Plate 7B). Rhizobial strain with 195 mg 
Pb/kg had the highest growth promoting effect and increased the root length, shoots length, dry 
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root weight, dry shoots weight, nodule numbers, nodule dry weight and total dry weight by 67, 
87, 255, 145, 100, 138 and 172% at 90 DAS and 71, 52, 192, 146, 83, 100 and 159% at 120 
DAS, respectively, compared to un-inoculated but 195 mg Pb/kg amended soil. Furthermore, 
growth and nodulation also increased even at 390 mg Pb/kg soil in the presence of bio-
inoculant. The bio-inoculant considerably increased the measured parameters even at the 
highest rate of Pb, compared to sole application of Pb (Table 51). The two way ANOVA 
revealed that the individual effects of inoculation and Pb and their interaction (inoculation x 
Pb) was significant (P < 0.05) for the measured parameters both at 90 and 120 DAS. 
Similarly, the toxicity of zinc to lentil increased with increase in the concentration, 
both in the presence and absence of bio-inoculant (Table 52). Zinc at 9780 mg/kg soil had the 
greatest toxicity to lentil and significantly (P < 0.05) decreased the length of roots and shoots 
by 24 (16 cm) and 33% (12 cm) at 90 DAS and 26 (20 cm) and 21% (19 cm) at 120 DAS, dry 
weight of roots and shoots by 18 (36 mg/plant) and 15% (105 mg/plant) at 90 DAS and 19 ( 
105 mg/plant) and 11% (120 mg/plant) at 120 DAS, respectively, relative to control. Nodule 
numbers and nodule dry weights were decreased by 25 and 31% at 90 DAS and 27 and 25% at 
120 DAS, total dry biomass declined by 17% at 90 DAS and 14% at 120 DAS respectively, 
compared to control. On the contrary, the lentil plants inoculated with RL9 increased the 
measured parameters, in the presence of zinc (Table 52). Rhizobial strain with 4890 mg Zn/kg 
had the highest stimulatory effect and increased root length (33 cm), shoots length (31 cm), dry 
root weight (17 mg/plant), dry shoots weight (310 mg/plant), nodule numbers (15 per plant), 
nodule dry mass (19 mg/plant) and total dry mass (500 mg/plant) by 74, 82, 350, 177, 50, 90 
and 213% at 90 DAS respectively, compared to un-inoculated but 4890 mg Zn/kg amended 
soil. Similarly, the measured parameters increased following application of inoculated strain 
with 4890 mg Zn kg"' soil. Furthermore, growth and nodulation also increased even at 9780 mg 
Zn/kg soil in the presence of bio-inoculant. Generally, the measured parameters increased with 
plant age in both inoculated and un-inoculated plants. The two way ANOVA showed that the 
individual effects of inoculation and zinc and their interaction (inoculation x zinc) was 
significant (P < 0.05) for the measured parameters at 90 and 120 DAS. 
4.13.4.2 Chlorophyll and leghaemoglobin content 
Chlorophyll and leghaemoglobin content at 90 DAS decreased consistently with increase in the 
concentration of nickel (Table 53), lead (Table 54) and zinc (Table 55) without the inoculation 
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of strain RL9. Among the three concentrations, niclcel at 580 mg kg"' had the greatest 
phytotoxic effect on the photosynthetic pigments of lentil plants and decreased the chlorophyll 
and leghaemoglobin by 39 and 44% compared to un-inoculated control. The bio-inoculant, on 
the other hand, when used together with 290 mg Ni/kg, increased the chlorophyll in fresh 
foliage and leghaemoglobin content in fresh nodules by 173 and 133%, compared to inoculated 
but 290 mg Ni/kg amended soil. Furthermore, chlorophyll and leghaemoglobin content also 
increased even further at 580 mg Ni/kg soil in the presence of bio-inoculant. Two factor 
ANOVA revealed that the individual effects of inoculation and nickel and their interaction 
(inoculation x nickel) were significant (P < 0.05) for the measured parameters. Similarly, the 
toxicity to lentil plants increased with increasing dose of lead (Table 54) and zinc (Table 55), 
both in the presence and absence of bio-inoculant. Lead at 390 and zinc at 9780 mg/kg soil, 
decreased the chlorophyll content by 7 and 25% respectively, while the leghaemoglobin 
content in fresh nodules were reduced by 44% at each rate, compared to control at 90 DAS. In 
contrast, plants inoculated with RL9 at 195 mg Pb/kg soil increased the chlorophyll and 
leghaemoglobin by 221 and 100%, compared to inoculated but 195 mg Pb/kg amended soil 
(Table 54). Similarly, plants inoculated with RL9 at 4890 mg Zn/kg soil increased the 
chlorophyll and leghaemoglobin by 192 and 86%, compared to inoculated but 4890 mg Zn/kg 
amended soil (Table 55). Furthermore, chlorophyll and leghaemoglobin content increased even 
at 390 and 9780 mg/kg of lead and zinc, in the presence of bioinoculant. Similarly, the toxicity 
of zinc to lentil increased with increase in the concentration, both in presence and absence of 
bio-inoculant (Table 55). Two factor ANOVA revealed that the individual effects of 
inoculation and Pb and Zn and their interaction [(inoculation x Pb) and (inoculation x Zn)] 
were significant (P<0.05) for chlorophyll and leghaemoglobin content. 
4.13.4.3 Nitrogen content, seed yield and grain protein 
Nitrogen content, seed yield and grain protein decreased progressively with increase in the 
concentration of nickel in the absence of bio-inoculant (Table 53). Nickel at 580 mg/kg 
decreased the N content in roots and shoots by 10 and 4% at 90 DAS and 11 and 6% at 120 
DAS, seed yield by 22% and grain protein by 8%, compared to control. In contrast, the bio-
inoculant increased the N content, seed yield and grain protein even in the presence of 
different concentration of nickel, the maximum being 14 and 7%i at 90 DAS and 19 and 8% in 
root N and shoot N respectively, 97% in seed yield and 15% in grain protein at 290 mg/kg 
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compared to non-inoculated but 290 mg Ni/kg amended soil. The bio-inoculant also increased 
the N content, seed yield and grain protein even at the highest dose of nickel, compared to un-
inoculated but amended with same dose rates of nickel. The two way ANOVA showed that the 
individual effects of inoculation and nickel and their interaction (inoculation x nickel) were 
significant (P < 0.05) for all the measured parameters except the individual effects of nickel on 
root N at 90 DAS and shoot N at 120 DAS and the interaction on root N content at 90 and 120 
DAS and shoot N content at 120 DAS only. 
Like the effect of nickel on lentil plants, lead also reduced the measured parameters 
considerably both in the presence and absence of bio-inoculant (Table 54). Lead at 390 mg/kg 
soil showed the greatest toxicity to lentil plants and decreased the N content in roots and 
shoots by 9 and 5% at 90 DAS, and 10 and 18% at 120 DAS, respectively, compared to 
control. The seed yield and grain protein were also decreased by 18 and 6%, at 390 mg Pb/kg 
soil, compared to control. In contrast, inoculated plants grown in 195 mg Pb/kg amended soil 
increased the N content in roots and shoots by 11 and 7 at 90 DAS and 18 and 9% at 120 DAS 
respectively, seed yield by 188% and grain protein by 11%, compared to inoculated and 195 
mg Pb/kg amended soil (Table 54). Furthermore, chlorophyll and leghaemoglobin increased 
even at 390 mg Pb/kg soil in the presence of bio-inoculant. The two way ANOVA showed that 
the individual effects of inoculation and lead and their interaction (inoculation x Pb) were 
significant (P < 0.05) for all the measured parameters except the effect of interaction on root N 
and shoot N content at 90 DAS. 
Similarly, the toxicity of zinc to lentil increased with increase in the concentration, both 
in the presence and absence of bio-inoculant (Table 55). Zinc at 9780 mg/kg soil decreased the 
N content in roots and shoots by 7 and 5% at 90 DAS and 8 and 14% at 120 DAS respectively, 
seed yield by 14% and grain protein by 4%) compared to control. In contrast, plants inoculated 
with Rhizobium strain RL9 at 4890 mg Zn/kg soil increased the N content in roots and shoots 
by 12 and 6% at 90 DAS and 17 and 10% at 120 DAS, seed yield by 210% and grain protein 
by 13%, compared to inoculated but 4890 mg Zn/kg amended soil (Table 55). Furthermore, N 
content, seed yield and grain protein were not adversely affected even at the highest tested 
rates of zinc, when strain RL9 was also used. The two way ANOVA showed that the 
individual effects of inoculation and zinc and their interaction (inoculation x zinc) were 
significant (P < 0.05) for all the measured parameters except the individual effects of zinc on 
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shoot N content at 120 DAS and the effect of interaction on shoot N content at 90 and 120 
DAS. 
4.13.4.4 Glutathione reductase activity 
Antioxidant enzyme, the glutathione reductase (GR) activity of roots and nodules, assayed at 
90 and 120 DAS, increased considerably with increasing concentration of nickel (Fig 101 and 
102), Pb (Fig 103 and 104) and Zn (Fig. 105 and 106), both in un-inoculated and inoculated 
plants. In un-inoculated plants, 580 mg Ni/ kg, 390 mg Pb/kg and 9780 mg Zn/kg increased the 
GR activity of roots by 250, 200 and 117%, at 90 DAS while at 120 DAS, they enhanced it by 
290, 230 and 130%, respectively, compared to control. While nickel, lead and zinc at the same 
dose rate increased the GR activity of nodules by 210, 140 and 100%, at 90 DAS and 211, 133 
and 89% at 120 DAS, respectively, compared to control. In comparison, 580 mg Ni/kg, 390 
mg Pb/kg and 9780 mg Zn/kg, when applied with inoculant strain, increased the GR activity of 
roots by 43, 22 and 38% at 90 DAS and 44, 21 and 43% at 120 DAS, respectively, and GR 
activity of nodules by 48, 4 and 15% at 90 DAS and 54, 5 and 18% at 120 DAS, respectively, 
compared to im-inoculated but amended with the same concentration of nickel and zinc. 
4.13.4.5 Metal uptake 
The uptake of nickel, lead and zinc by plant organs (roots and shoots) at 90 and 120 DAS and 
grains at harvest (120 DAS) was maximum at 580 mg/kg of nickel (Fig. 107 and 108), 390 
mg/kg of lead (Fig. 109 and 110) and 9780 mg/kg of zinc (Fig. I l l and 112) both in the 
presence and absence of bio-inoculant. Generally, nickel, lead and zinc concentration in plant 
organs were less in the presence and absence of bio-inoculant at 145, 97.5 and 2445 mg/kg of 
Ni, Pb and Zn respectively, compared to those observed at the highest dose of each metal. 
Moreover, the concentrations of nickel, lead and zinc were recorded less in the presence of bio-
inoculant compared to the un-inoculated plants. Generally, roots accumulated more 
concentrations of Ni, Pb and Zn compared to those observed for shoots or grains, under both 
inoculated and metal stressed condition. 
4.13.5 Performance of pea in the presence of nickel and zinc tolerant Rhizobium strain 
RP5 in metal amended soil 
4.13.5.1 Plant growth and symbiosis 
In this study, nickel and zinc tolerant rhizobial strain RP5 was used to inoculate pea, which was 
then grown in the soil treated with different concentrations of nickel and zinc. The Rhizobium 
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inoculated and non- inoculated pea plants grown in sandy clay loam soil treated with three 
concentrations, each of nickel (Table 56) and zinc (Table 57) showed variable plant growth. In 
this experiment, plants grew poorly when soil was treated with different concentration of nickel 
and zinc. Generally, the length of plant organs, dry matter accumulation in plants and 
nodulation 90 and 120 days after sowing decreased progressively with increasing concentration 
of both nickel and zinc. In the absence of bio-inoculant, nickel at 580 mg/kg soil, had the 
largest phytotoxic effect and decreased the root length, shoot length, root dry weight, shoot dry 
weight, total dry matter, nodule numbers and nodule dry mass by 25, 18, 30, 10, 14, 13 and 
23% at 90 DAS, and 23, 18, 32, 10, 13, 14 and 18 at 120 DAS, respectively, compared to 
control. On the contrary, when strain RP5 was also used with 580 mg Ni/kg soil, it increased 
the root length, shoot length, root dry weight, shoot dry weight, total dry matter, nodule 
numbers and nodule dry mass by 47, 32, 57, 12, 17, 25 and 22% at 90 DAS and 41, 31, 64, 10, 
16, 25 and 12% at 120 DAS, respectively, compared to un-inoculated but treated with same 
dose of nickel (Plate 8B). While comparing the effects of different concentration of nickel on 
inoculated plants, a substantial increase of 53, 32, 53, 14, 23, 32 and 19% at 90 DAS and 40, 
25, 68, 11, 23, 28 and 18% at 120 DAS in root length, shoot length, dry root weight, dry shoot 
weight, nodule numbers, nodule dry mass and total dry matter, respectively, was observed at 
290 mg Ni/kg soil, compared to non-inoculated but amended with the same rate of nickel. The 
two way ANOVA revealed that the individual effects of inoculation and nickel was significant 
(P < 0.05) for the measured parameters except the individual effects of inoculant on dry shoot 
weight at 90 DAS, nickel on dry shoot weight at 90 and 120 DAS, dry nodule weight at 90 
DAS and total dry weight at 90 and 120 DAS. However, the interactive effect of inoculant and 
nickel was non-significant for dry shoot weight at 90 and 120 DAS, dry nodule weight at 90 
DAS and total dry matter at both 90 and 120 DAS. 
Similarly, the length of plant organs, dry matter production and symbiotic properties 
(e.g. nodule numbers and nodule mass) of pea plants declined with increasing concentrations of 
zinc (Table 57). In contrast, when strain RP5 was also added with 4890 mg Zn/kg soil, 
increased the root length, shoot length, dry root weight, dry shoot weight, nodule numbers, 
nodule dry mass and total dry matter by 50, 31, 41, 11, 23, 28 and 16% at 90 DAS and 45, 24, 
50, 10, 21, 22 and 15% at 120 DAS respectively, compared to plants grown in the absence of 
bio-inoculant but treated with the same dose of zinc (Plate 8A). Moreover, like sole application 
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of zinc, the measured parameters also decreased with increasing concentrations of zinc, appUed 
along with RP5, compared to the plants grown in soil treated solely with zinc. The two way 
ANOVA revealed that the individual effects of inoculation and zinc and their interaction 
(inoculation x zinc) was significant (P < 0.05) for all the measured parameters except the 
individual effects of inoculation on shoot dry weight at 90 DAS, zinc on root and shoot dry 
weight at both 90 and 120 DAS, nodule numbers at 90 DAS and total dry weight at 120 DAS 
and the effect of interaction on root and shoot dry weight at 90 and 120 DAS, dry nodule mass 
at 90 DAS and total dry mass at 120 DAS, respectively. 
4.13.5.2 Photosynthetic pigments, leghaemoglobin, N content and seed attributes 
Nickel and zinc when applied alone, decreased chlorophyll, leghaemoglobin (LH), N content, 
seed yield and grain protein (GP) consistently with increase in the concentration of Ni (Table 
58) and Zn (Table 59). For un-inoculated plants, nickel at 290 mg kg"' decreased the 
chlorophyll content, LH, root N and shoot N by 9, 27, 9, and 8% at 90 DAS and root N, shoot 
N, seed yield and GP by 11, 9, 6 and 2% at 120 DAS, respectively, while 580 mg Ni/kg soil 
decreased the chlorophyll content, LH, root N and shoot N by 12, 45, 15 and 16% respectively, 
at 90 DAS and root N, shoot N, seed yield and GP by 18, 16, 10 and 3%, respectively, at 120 
DAS, compared to the control. In comparison, the inoculant strain when applied with 290 mg 
Ni/kg soil, increased the chlorophyll content, LH, root N and shoot N by 19, 112, 26 and 47%, 
respectively, at 90 DAS and root N, shoot N, seed yield and GP by 40, 55, 26 and 8%, 
respectively, at 120 DAS, compared to pea plants grown in soil amended solely with the same 
dose of nickel. The measured parameters also increased even further at 580 mg Ni/kg soil 
inoculated with strain RP5, compared to non-inoculated but nickel treated soil. Furthermore, 
the measured parameters differed significantly (P < 0.05) among inoculated and non-
inoculated plants at 580 mg Ni/kg soil. Two factor ANOVA revealed that the individual effects 
of inoculation and Ni and their interaction (inoculation x Ni) were significant (P < 0.05) for the 
measured parameters, except the individual effect of metal and interaction on chlorophyll 
content. 
Similarly, the highest effect of zinc was recorded at 9780 mg/kg soil, which decreased 
the chlorophyll content, LH, root N and shoot N by 10, 36, 12 and 11%, respectively at 90 
DAS and root N, shoot N, seed yield and GP, by 4, 9, 7 and 2%, respectively, at 120 DAS, 
compared to the control (Table 59). In comparison, the inoculated strain increased the 
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chlorophyll content, LH, root N and shoots N by 15, 85, 20 and 36%, at 90 DAS and root N, 
shoot N, seed yield and GP by 15, 38, 24 and 6%, respectively, at 120 DAS, compared to the 
plants grown in soil treated only with 9780 mg Zn/kg soil. However, zinc at 4890 mg/kg soil 
inoculated with strain RP5 showed a highest stimulatory effect and increased the chlorophyll 
content, LH, root N and shoots N by 16, 89, 22 and 39%, respectively at 90 DAS and root N, 
shoots N, seed yield and GP by 25, 45, 26 and 7%, at 120 DAS, respectively, compared to the 
plants grown in soil treated solely with 4890 mg Zn/kg soil. Like nickel application, more N 
was found in shoots when pea plant was grown in soil amended with zinc and with or without 
bio-inoculant. The two way ANOVA showed that the individual effects of inoculation and zinc 
and their interaction (inoculation x zinc) were significant (P < 0.05) for all the measured 
parameters except the individual effects of zinc on chlorophyll and grain protein and the effect 
of interaction on chlorophyll and root N content at 120 DAS. 
4.13.5.3 Glutathione reductase activity 
The antioxidant enzyme production by pea, grown in metal stressed soil, was also determined 
in roots and nodules of both inoculated and un-inoculated plants. The GR activity in plant 
organs differed considerably and were influenced by nickel (Fig. 113 and 114) and zinc (Fig. 
115 and 116) concentrations added to soils. Generally, a concentration dependent increase in 
GR activity of roots and nodules was observed for nickel and zinc in inoculated and non-
inoculated plants. A maximum GR activity in plant organs for un-inoculated pea was observed 
at 580 mg Ni/kg which showed an increase of 243 (roots) and 208 % (nodules) at 90 DAS and 
291 (roots) and 210% (nodules), respectively, at 120 DAS, over control. In comparison, the 
GR activity of roots and nodules of inoculated plants measured at 90 DAS was 250 and 281% 
respectively while at 120 DAS it was 275 and 279%, respectively, at 580 mg Ni/kg soil, 
compared to inoculated but metal free control. While comparing the effects of different 
concentration of nickel on GR activity, nickel at 580 mg/kg showed an increase of 46 and 65% 
at 90 DAS and 40 and 71% at 120 DAS in inoculated roots and nodules respectively, 
compared to un-inoculated but amended with the same dose of nickel. A trend similar to the 
effect of nickel on GR activity was observed for zinc, both in roots and nodules of inoculated 
and un-inoculated pea plants. In un-inoculated plants, 9780 mg Zn/kg increased the GR 
activity of roots by 114 and 117% at 90 and 120 DAS, respectively, compared to control. 
While zinc at the same dose rate increased the GR activity of nodules by 117% and 130%, 90 
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and 120 days after sowing, respectively, compared to control. In comparison, 9780 mg Zn/kg, 
when applied with inoculant strain, increased the GR activity of roots by 47 and 54% at 90 and 
120 DAS, respectively, and GR activity of nodules by 54 and 52% at 90 and 120 DAS 
respectively, compared to un-inoculated but amended with the same concentration of zinc. 
Roots in general, showed more GR activity for both inoculated and un-inoculated plants grown 
in nickel and zinc stressed soil. 
4.13.5.4 Nickel and zinc uptake 
The uptake of nickel and zinc by roots and shoots at 90 and 120 DAS and grains at 120 DAS 
increased with increasing concentrations of nickel and zinc both for un-inoculated and 
inoculated plants. The average maximum accumulation of nickel and zinc in roots and shoots 
was 140 and 92 [ig/g (Fig. 117), respectively, at 90 DAS and 165, 100 and 25 ^g/g (Fig. 118) at 
120 DAS, respectively, for plants grown in the absence of Rhizobium strain RP5 at 580 mg 
Ni/kg soil. In contrast, the maximum accumulation of nickel in roots and shoots of inoculated 
plant was 95 and 60 ^g/g, respectively, at 90 DAS and 115, 75 and 18 |ig/g, respectively, at 
120 DAS, at the same rate of nickel applied to soil. The inoculated strain decreased the 
concentration of nickel in roots and shoots by 32 and 35 %, at 90 DAS and in roots, shoots and 
grains by 30, 25 and 28%, at 120 DAS, respectively, when plants were grown in soil treated 
with 580 mg Ni/kg soil, compared to non-inoculated plants. Similarly, for zinc (9780 mg/kg) 
treated soil, the bio-inoculant strain declined the uptake of zinc by 7 and 9% in roots and shoots 
at 90 DAS (Fig. 119) and roots, shoots and grains by 10, 9 and 25% at 120 DAS (Fig. 120), 
respectively, compared to plants grown in the absence of strain RP5. Moreover, roots in 
general, showed more uptake of nickel and zinc compared to shoots or grains of both 
inoculated and un-inoculated plants. 
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Table 31. Length and dry matter production in chickpea as influenced by various heavy metals addded alone or in 
combination to an alluvial soil 
Metal applied 
Cd 
Cr 
Ni 
Pb 
Zn 
Cu 
Cd + Cr 
Cd+Ni 
Cd+Pb 
Cr + Ni 
Cr+Pb 
Cr + Zn 
Ni+Pb 
Ni+Zn 
Cd+Cr+Ni 
Pb+Zn+Cu 
Control 
LSD 
Dose rate 
(mgkg-lsoil) 
6 
12 
24 
34 
68 
136 
145 
290 
580 
97.5 
195 
390 
2445 
4890 
9780 
334.5 
669 
1338 
6+34 
12+68 
24+ 136 
6+145 
12+290 
24+580 
6+97.5 
12+195 
24+390 
34+145 
68+290 
136+580 
34+97.5 
68+195 
136+390 
34+2445 
68+4890 
136+9780 
145+97.5 
290+195 
580+390 
145+2445 
290+4890 
580+9780 
6+34+145 
12+68+290 
24+136+580 
97.5+2445+334. 
195+4890+669 
390+9780+1338 
length plant-
Root 
60d 90d 135d 60d 
9 
9 
8 
18 
16 
14 
16 
15 
13 
19 
18 
17 
10 
9 
9 
13 
13 
12 
9 
8 
7 
8 
7 
6 
9 
8 
7 
16 
14 
12 
17 
15 
13 
10 
9 
8 
14 
13 
II 
10 
10 
9 
9 
9 
8 
10 
9 
8 
20 
4.8 
25 
23 
2! 
30 
29 
27 
29 
27 
25 
32 
30 
28 
27 
25 
23 
28 
26 
24 
24 
22 
20 
23 
21 
19 
25 
23 
21 
28 
26 
24 
29 
27 
26 
26 
24 
22 
28 
26 
24 
26 
22 
20 
23 
21 
19 
25 
23 
20 
28 
4.3 
30 
28 
26 
35 
33 
31 
34 
32 
30 
37 
35 
33 
32 
30 
28 
33 
31 
29 
29 
27 
25 
27 
25 
23 
28 
26 
24 
32 
30 
28 
33 
31 
27 
30 
28 
26 
32 
30 
28 
30 
28 
26 
23 
21 
19 
26 
24 
22 
36 
4.7 
1 (cm) 
Shoot 
90d 
20 
18 
17 
25 
23 
21 
24 
22 
20 
28 
27 
25 
21 
20 
19 
22 
20 
18 
17 
16 
15 
16 
15 
14 
20 
18 
18 
23 
22 
20 
24 
21 
20 
18 
15 
14 
22 
19 
18 
20 
16 
15 
18 
17 
16 
20 
20 
17 
30 
7.2 
135d I 
34 
32 
30 
42 
46 
48 
40 
39 
37 
43 
41 
39 
36 
35 
33 
38 
36 
34 
32 
30 
28 
31 
29 
27 
34 
31 
30 
38 
36 
35 
40 
38 
37 
32 
30 
27 
38 
36 
34 
34 
32 
30 
30 
28 
25 
34 
31 
27 
36 
5.3 
Values are mean of six replicates where each replicate constituted three plants/pot 
33 
31 
28 
37 
35 
33 
36 
34 
32 
38 
37 
34 
34 
32 
29 
35 
33 
30 
31 
29 
27 
30 
29 
24 
32 
30 
28 
34 
32 
30 
35 
32 
31 
33 
30 
28 
34 
33 
30 
33 
30 
31 
28 
26 
21 
30 
28 
26 
41 
6 
Dry weight (gplant-1) 
Root 
50d 90d 135d i 
0.17 
0.16 
0.11 
0.28 
0,3 
0,27 
0.22 
0.21 
016 
0.24 
0.22 
0.19 
0.27 
0.24 
0.24 
0.21 
0.2 
013 
0.16 
0.14 
0.09 
0.15 
on 
0.09 
0.16 
0.12 
0,1 
0,19 
0 16 
0,12 
0,2 
0,17 
0,14 
0,23 
0,19 
0,17 
0,21 
0 16 
0,14 
0,16 
0.15 
on 
0.1 
0.08 
0.05 
0.16 
0.15 
0 1 
0.32 
0 11 
0.37 
0.34 
0.3 
0.52 
0.56 
0.53 
0.49 
0.45 
0.33 
0.55 
0.5 
0.43 
0.41 
0.38 
0.31 
0.42 
0.4 
0.32 
0.35 
0.3 
0.24 
0.27 
0.25 
0.23 
0.32 
0.26 
0.23 
0.45 
0.38 
0.26 
0.47 
0.43 
0.37 
0.37 
0.33 
0.24 
0.48 
0.38 
0.31 
036 
0.24 
0.22 
0.21 
0.19 
0.15 
0.37 
0.26 
0.24 
0.56 
0.21 
0,19 
0,16 
0,13 
0,24 
0,27 
0.24 
0.22 
0.2 
0.15 
0,25 
0,22 
0,17 
0,17 
0.16 
0.15 
0,17 
0,16 
0,15 
0,17 
0,13 
Oil 
0,14 
0,12 
0.11 
0.18 
0.13 
0.12 
0.2 
0.18 
0.12 
0.21 
0.19 
0.14 
0.15 
0.12 
0.09 
0.17 
0.15 
0.14 
0.16 
0.14 
0.12 
0.11 
0.09 
0.06 
0.15 
0.11 
0.1 
0.23 
0.07 
Shoot 
50d 90d 135d 
0,48 
0,47 
0,38 
0.56 
0.5 
0.57 
0.55 
0.45 
0.38 
0.53 
0.52 
0.44 
0.59 
0.27 
0.27 
0.6 
0.59 
0.41 
0.43 
0.34 
0.29 
0.44 
0.37 
0.31 
0.48 
0.39 
0.35 
0.51 
0.4 
0.31 
0.57 
0.52 
0.29 
0.39 
0.38 
0.21 
046 
0.4 
0.32 
0.48 
0.41 
0.28 
0.48 
0.4 
0.31 
0.45 
0.37 
0.3 
0.45 
on 
0.81 
0.72 
0.61 
0.93 
0.97 
0.91 
0.96 
0,84 
0.71 
0.95 
0.85 
0.75 
0.82 
0.74 
0.66 
0.88 
0.83 
0.77 
0.76 
0.67 
0.54 
0.69 
0.65 
0.76 
0.69 
052 
0,79 
0,84 
0,7 
0,58 
0.78 
0.63 
0.51 
0.73 
0.62 
0.55 
088 
0.76 
0.64 
0,8 
0,7 
0,6 
0,63 
0,51 
0,35 
0,74 
0,61 
0,52 
1 
0,23 
0,72 
0,67 
0,62 
0,83 
0,94 
1,1 
0,84 
0,83 
0,74 
1,19 
1,07 
0,99 
0,76 
0,74 
0.67 
0.79 
0.77 
0.7 
0.66 
0.6 
0.56 
0.64 
0.59 
0.56 
0.71 
0.69 
0,64 
0.75 
0.72 
0.61 
0.91 
0.87 
0,75 
0,64 
0,59 
047 
0,76 
0,73 
0.68 
0.73 
0.69 
0.64 
0.53 
0.48 
0.42 
0.63 
0.54 
0.51 
0.94 
0.26 
Table 32 Nodulation, dry matter production and flowering in chickpea as influenced by various heavy metals added singly or 
in combination to sandy clay loam soil 
Metal applied Dose rale Nodulation Total dry weight (g/plant) 
(mg kg-1 soil) No./plant 
60d 90d 
Dry weight (g/plant) 
No. days of 
floweing 
60d 90d 60d 90d 135d 
Cd 
Cr 
Ni 
Pb 
Zn 
Cu 
Cd + Cr 
Cd+Ni 
Cd+Pb 
Cr + Ni 
Cr+Pb 
Cr + Zn 
Ni+Pb 
Ni+Zn 
Cd+CrfNi 
Pb+Zn+Cu 
Control 
LSD 
6 
12 
24 
34 
68 
136 
145 
290 
580 
97.5 
195 
390 
2445 
4890 
9780 
334.5 
669 
1338 
6+34 
12+68 
24+ 136 
6+145 
12+290 
24+580 
6+97.5 
12+195 
24+390 
34+145 
68+290 
136+580 
34+97.5 
68+195 
136+390 
34+2445 
68+4890 
136+9780 
145+97.5 
290+195 
580+390 
145+2445 
290+4890 
580+9780 
6+34+145 
12+68+290 
24+136+580 
97.5+2445+334.5 
195+4890+669 
390+9780+1338 
6 
5 
4 
16 
20 
16 
\\ 
11 
6 
12 
11 
9 
7 
6 
7 
5 
5 
4 
3 
5 
4 
3 
6 
5 
4 
11 
7 
5 
14 
12 
10 
7 
6 
4 
11 
10 
6 
6 
5 
4 
5 
4 
3 
6 
5 
4 
13 
2.2 
25 
23 
21 
33 
35 
39 
30 
28 
25 
46 
40 
37 
27 
25 
23 
28 
26 
24 
23 
21 
20 
22 
20 
18 
20 
18 
16 
30 
27 
27 
32 
30 
29 
25 
21 
18 
27 
26 
24 
26 
25 
23 
22 
20 
13 
24 
23 
16 
27 
2.8 
0.08 
0.06 
0.03 
0.12 
0.12 
0.08 
0.11 
0.1 
0.07 
0.13 
0.12 
0.09 
0.09 
0.07 
0.04 
0.11 
0.09 
0.06 
0.07 
0.06 
0.03 
0.06 
0.05 
0.02 
0.07 
0.06 
0.03 
0.11 
0.09 
0.06 
0.11 
0.1 
0.08 
0.08 
0.06 
0.04 
0.11 
0.09 
0.06 
0.07 
0.05 
0.03 
0.05 
0.04 
0.02 
0.06 
0.05 
0.03 
0.03 
0.14 
0.22 
0.2 
0.17 
0.31 
0.32 
0.35 
0.23 
0.21 
0.18 
0.28 
0.24 
0.19 
0.21 
0.19 
0.18 
0.22 
0.21 
0.17 
0.21 
0.18 
0.12 
0.21 
0.17 
0.12 
0.21 
0.19 
0.13 
0.3 
0.26 
0.22 
0.31 
0.27 
0.24 
0.22 
0.21 
0.17 
0.22 
0.21 
0.14 
0.24 
0.21 
0.16 
0.18 
0.15 
0.09 
0.2 
0.17 
0.12 
0.12 
0.24 
0.73 
0.69 
0.52 
0.96 
0.92 
0.92 
0.88 
0.76 
0.61 
0.9 
0.86 
0.72 
0.95 
0.58 
0.55 
0.92 
0.88 
0.6 
0.66 
0.54 
0.41 
0.65 
0.53 
0.42 
0.71 
0.57 
0.48 
0.81 
0.65 
0.49 
0.88 
0.79 
0.51 
0.7 
0.63 
0.42 
0.78 
0.65 
0.52 
0.71 
0.61 
0.42 
0.63 
0.52 
0.38 
0.67 
0.57 
0.43 
0.91 
0.23 
Values are inean of six replicates where each replicate constituted three plants/pot 
1.4 
1.26 
1.08 
1.76 
1.85 
1.79 
1.68 
1.5 
1.22 
1.78 
1.59 
1.37 
1.54 
1.31 
1.15 
1.52 
1.54 
1.26 
1.32 
1.15 
0.9 
1.17 
1.07 
1.11 
1.22 
0.97 
1.15 
1.59 
1.34 
1.06 
1.56 
1.33 
1.12 
1.32 
1.16 
0.96 
1.58 
1.35 
1.09 
1.4 
1.15 
0.98 
1.02 
0.85 
0.59 
1.31 
1.04 
0.88 
1.25 
0.23 
0.91 
0.83 
0.75 
1.07 
1.21 
1.34 
1.06 
1.03 
0.89 
1.44 
1.29 
1.16 
0.93 
0.9 
0.82 
0.96 
0.93 
0.85 
0.83 
0.73 
0.67 
0.78 
0.71 
0.67 
0.89 
0.82 
0.76 
0.95 
0,9 
0.73 
1.12 
1.06 
0.89 
0.79 
0.61 
0.56 
0.93 
0.88 
0.82 
0.89 
0.83 
0.76 
0.64 
0.57 
0.48 
0.78 
0.65 
0.61 
1.17 
0.25 
71 
74 
76 
66 
67 
70 
67 
68 
71 
65 
66 
73 
69 
70 
73 
68 
69 
72 
71 
72 
75 
72 
74 
77 
71 
72 
75 
67 
68 
71 
67 
68 
70 
69 
70 
73 
67 
68 
70 
68 
70 
73 
73 
74 
77 
69 
70 
73 
65 
5 
151 
Table 33 Effect of heavy metals on chlorophyll, leghaemoglobin, N content, seed yield and grain protein ofchickpea incoculaled but metal free control 
Metal applied 
Cd 
Cv 
Ni 
Pb 
Zn 
Cu 
Cd + Cr 
Cd+Ni 
Cd+Pb 
Cr + Ni 
Cr + Pb 
Cr + Zn 
Ni+Pb 
Ni+Zn 
Cd+Cr+Ni 
Pb+Zn+Cu 
Control 
LSD 
Dose rate 
(mgkg-lsoil) 
6 
12 
24 
34 
68 
136 
145 
290 
580 
97.5 
195 
390 
2445 
4890 
9780 
334.5 
669 
1338 
6+34 
12+68 
24+ 136 
6+145 
12+290 
24+580 
6+97.5 
12+195 
24+390 
34+145 
68+290 
136+580 
34+97.5 
68+195 
136+390 
34+2445 
68+4890 
136+9780 
145+97.5 
290+195 
580+390 
145+2445 
290+4890 
580+9780 
6+34+145 
12+68+290 
24+136+580 
97.5+2445+334.5 
195+4890+669 
390+9780+1338 
Chlorophyll content 
(mg (,'•') 
60d 
0.54 
0.44 
0.4 
086 
09 
0.96 
0.81 
0.79 
0.46 
092 
0.94 
0.97 
068 
0.7 
0.4 
0.78 
0.76 
0.57 
0.5 
0.41 
0.39 
0.46 
0.35 
0.34 
0.48 
0.44 
0.4 
0.79 
0.78 
0.6 
0.91 
0.96 
0.76 
061 
0.68 
0.35 
0.78 
0.8 
0.5 
0.68 
066 
0.43 
0.44 
0.39 
0.26 
0.48 
0.44 
0.34 
0.91 
0 19 
Leghaemoglobin 
Content [m mol 
90d 
0.61 
0.56 
0.52 
0.86 
0.98 
099 
0.97 
0.92 
0.86 
0.99 
0.94 
0.9 
0.73 
0.7 
061 
0.89 
0.87 
0 8 
0.63 
0.59 
0.54 
0.56 
0.5 
0.47 
0.57 
0.53 
0.49 
0.99 
0.97 
0.88 
0.93 
098 
081 
0.75 
0.71 
0.57 
0.94 
0.87 
0 8 
0.71 
0.64 
0.6 
0.49 
0.45 
0.41 
0.64 
0.61 
056 
0.99 
0.21 
60d 
01 
0.09 
0.07 
Oi l 
0.12 
0.14 
0.12 
0.11 
0.09 
0.13 
Oi l 
0.09 
0.11 
0 1 
0.08 
0.12 
0.11 
009 
0.09 
008 
0.06 
0.09 
0.08 
0.05 
0.1 
0.08 
0.06 
0.1 
009 
0.07 
0.11 
0.1 
0.08 
0.1 
0.08 
0.06 
Oi l 
0.1 
008 
0.1 
0.09 
0.07 
0.07 
0.06 
0.04 
0.09 
0.08 
0.06 
0.12 
0.02 
(fmJg)] 
90d 
0.12 
0.11 
0.09 
0.15 
0 16 
0.18 
0.15 
0.14 
0.12 
0.16 
0.14 
0.12 
0 13 
0.12 
0.1 
0.14 
0.13 
0.11 
0.11 
0.09 
0.08 
0.1 
009 
0.07 
0.11 
O.I 
0.08 
0.13 
0.12 
0.1 
0.14 
0.13 
0.12 
0.15 
0.14 
0.12 
0.14 
0.12 
0.1 
0.11 
0.1 
0.08 
0.09 
0.08 
0.06 
0.1 
0.09 
0.07 
0.15 
0.03 
60d 
24.6 
22.9 
19.1 
27.9 
29.9 
31.6 
25.2 
25.9 
27.4 
28 1 
29 
31.5 
25.3 
25.8 
29.6 
26.4 
24.5 
20.5 
24.2 
22.3 
18.4 
23.5 
21.4 
17.5 
24.2 
22.3 
18.6 
26.1 
24 
20.2 
26 
26.6 
27.5 
24.6 
25.5 
28.6 
25.8 
25.9 
26.8 
24.1 
22.2 
18.1 
22.9 
20.8 
16.9 
23.7 
21.6 
17.7 
28.7 
2.6 
Nitrogen content (mg/g) 
Root 
90d 
15.3 
13.7 
13.3 
17.5 
18 
18.5 
16.6 
14.1 
12.8 
19.3 
198 
11.9 
15.6 
16.2 
10.3 
16.9 
15 
11.7 
12.6 
11 
9.4 
14.2 
12.5 
10.4 
11.8 
11.2 
9.7 
14.2 
13 
12.3 
14.6 
13.5 
12 
14 
13 
11.4 
15.6 
15.3 
14.3 
148 
12.7 
11.9 
91 
8.2 
7.1 
14.7 
12.5 
11.6 
17 
3.4 
135d 
13.2 
12.6 
11.3 
156 
16.4 
166 
14.7 
13.3 
11.7 
17.6 
17.9 
116 
14.3 
14.7 
9.6 
14.4 
14 
10.8 
12.8 
12 
111 
13 
11,3 
10,9 
11,7 
10,2 
9,6 
13,6 
12,5 
11 
13,9 
12,8 
11,4 
12,4 
12 
10,5 
15,5 
14,6 
13.5 
14 
11.7 
II 
10.2 
9.4 
86 
13.6 
12 
11,3 
16 
2,9 
60d 
28,5 
26,4 
22,3 
31,6 
32,3 
23,8 
31 1 
30,2 
29,7 
31 
32,1 
33,2 
29,2 
29,6 
23,1 
30,4 
30,2 
22,4 
28 
26 
21 9 
27,6 
25,5 
21,4 
28,1 
26,1 
22,2 
31 
28,4 
24,6 
29,1 
29,8 
30,3 
28,4 
31,3 
28,1 
27,7 
27,8 
26,9 
28 
25,8 
22,1 
27 
24,7 
20,4 
27,7 
25,9 
22 
32,2 
4,3 
Shoot 
90d 
19,3 
17,8 
13,2 
22,8 
22,9 
19,7 
22,6 
21,1 
20,6 
22,3 
23,5 
24,4 
20,6 
21,1 
20,8 
21,3 
20,9 
20,2 
18,7 
17 
12,6 
18,8 
16,6 
15,1 
19,4 
17 
15,9 
21,2 
19,7 
18,4 
21,5 
20,2 
188 
21 
18,6 
164 
18,7 
18,9 
17,7 
19,3 
17 
15,8 
14,4 
12.6 
11 
18.9 
16.9 
13,1 
25 
3,3 
Seed Grain 
yi 
135d g 
17.6 
15.8 
14.2 
19.7 
20.4 
21.2 
18,3 
17,8 
16,6 
21,2 
22,1 
22,7 
19,3 
19,5 
20,5 
20,8 
20,3 
19,4 
17 
14,6 
13,1 
17,3 
14,8 
14,1 
18,3 
15,4 
14,6 
17,5 
17,7 
14,7 
17,9 
18 
15 
17 
17,3 
14 
17,4 
17,6 
16,2 
17,8 
15,4 
14,1 
12,2 
11 
10,4 
13,3 
12,2 
11,5 
22,6 
3 1 
eld p 
/plant 
4,7 
4,4 
3,8 
6 
5,9 
5,6 
5,5 
5,4 
4.4 
6.1 
5.9 
5.7 
4.6 
4.3 
4 
5.2 
4.9 
4.5 
4,6 
4,3 
3,7 
4,5 
43 
3,9 
4,6 
4,4 
4 
54 
5,2 
5 
5,5 
5,4 
4,8 
5 
4,8 
4,5 
55 
5.4 
5 
4.4 
4.1 
3.8 
4.4 
3.8 
3.6 
4.8 
4.4 
4 
5.4 
0.71 
rotein 
mg/g 
225 
215 
189 
239 
248 
235 
238 
236 
203 
240 
249 
256 
229 
219 
195 
231 
221 
198 
222 
211 
187 
219 
208 
184 
223 
214 
190 
237 
236 
200 
238 
243 
235 
226 
225 
191 
239 
244 
2,36 
228 
218 
185 
217 
205 
177 
224 
213 
181 
242 
7.5 
Values are mean of six replicates where each replicate constituted three plants/pot 
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Fig 11. Maximum tolerance level of Mesorhizobium strains to different heavy metals 
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Fig 12. Maximum tolerance level of Rhizobium isolated from pea nodules to different heavy metals 
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Fig 13. Maximum tolerance level of Bradyrhizobium strains to different heavy metals 
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Fig 14. Maximum tolerance level of Rhizobium isolated from lentil nodules to different heavy metals 
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Fig 15. Maximum tolerance to heavy metals by phosphate soiubilizing bacterial isolates 
& A 
<D 3 
IM lllilllill 
P S B 1 P S B 2 P S B 3 P S B 4 P S B 5 P S B 6 P S B 7 P S B 8 P S B 9 P S B 1 0 B a c te r ja I is o la te s 
Fig. 16. Zone of P solubilization on Pikovskaya solid medium produced by phosphate soiubilizing bacteria 
after five days of incubation 
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Fig, 17, In vitro solubilization of tricalcium phosphate by phosphate solubilizing bacteria after 5 days of incubation 
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Fig 18. Solubilization index of phosphate soiubiiizing bacterial strains 
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Fig. 19. Change in pH following solubilization of tricalcium phosphate after 5 days of incubation. 
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Fig, 20. Effect of pH on Cr (VI) reduction by Bacillus species after 120 h of growth in nutrient broth. 
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Fig 21. Effect of Cr (VI) on Cr (VI) reduction abilitv'of Bac///«ss/7.PSB I in nutrient broth after 120 h of incubation 
100 
120 140 
Time of incubation (h) 
Fig 22. Effect of Cr (VI) on Cr (VI) reduction ability of Bacillus sp. PSB 7 in nutrient broUi after 120 h of incubation 
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Fig 23. Effect of Cr (VI) on Cr (VI) reduction ability of 
Bacillus sp. PSB 10 in nutrient broth after 120 h of 
incubation. 
Fig. 24. Effect of pH on Cr (VI) reduction by Mesorhizobium 
sp. after 120 h of growth in yeast extract mannitol broth. 
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Fig 25. Effect of Cr(VI) on Cr(VI) reduction ability of 
Mesorhizobium RCl in yeast extract maimitol broth after 
120 h of incubation. Each value is a mean of Uirce 
replicates. Each bar represents standard deviation 
of the replicates. 
Fig 26. Effect of Cr (VI) on Cr (VI) reduction abihty 
oiMesorhizobium RC3 in yeast extract maimitol broth 
after 120 h of incubation. Each value is a mean of 
three rephcates. Each bar represents standard 
deviation of the rephcates. 
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Fig 27. Effect of Cr(VI) on Cr(VI) reduction ability ofMesorhizobium RC4 in yeast 
extract mannitol broth after 120 h of incubation. Each value is a mean of 
three replicates. Each bar represents standard deviation of the replicates. 
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Fig 28. Growth of Bacillus sp. PSBIO in nutrient broth supplemented with different concentration of 
(a) Cr (VI), (b) nickel, (c) lead and (d) zinc 
178 
3 U- a O ^ 
- » - ang»i10(\<) 
0 1(D(iB»rtO(M) 
- » - 150M9»rtCr(VI) 
20 « eo ao 1C0 lao K) 
Tme of jnoubalion (h) 
a 
11 
10 
_ 9 
E 
o ^ 
a> 
o 
7 -
5 4 
Control \ g 
50 |jg/ml Ni \ 
lOOpg/mlNi 1 
150pg/ml Ni 
20 40 60 80 100 120 140 
Time of incubation (h) 
b 
11 
10 
1 ^ "1 
O 8 
:3 7^ 
6-
5 
- • - Conlrol 
o 300t«/n1Pb 
V eCOyQ/niPb 
- ^ - 900t^rriPb 
0 20 40 eo 80 100 123 140 
Time of incubation (h) 
11 
3 
u. 
O 
a> 
o 
10 
9 
8 
7-
6 
5 
•fltfl 
-•— Control 
o 300 pg/ml Zn 
V 600 pg/ml Zn 
-A— 900 |jg/ml Zn 
20 40 60 80 100 120 140 
Time of incubation (h) 
Fig 29. Growth of Mesorhizobinmi RC3 influenced by different concentrations of (a) Cr (VI), (b) nickel, 
(c) lead and (d) zinc 
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Fig 30. Growth pattern of Rhizobiuw RP5 isolated from pea nodules in YEM broth amended with 
different concentrations of Cr (VI) (a), nickel (b), lead (c) and zinc (d) 
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Fig 31. Growth pattern oi Bradyrhizobium sp. (vigna) RMS in YEM broth amended with various 
concentrations of Cr (VI) (a), nickel (b), lead (c) and zinc (d) 
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Fig 32. Growth pattern of Rhizobium RL9 isolated from lentil nodules in YEM broth supplemented 
with various concentrations of (a) Cr (VI), (b) nickel, (c) lead and (d) zinc 
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Fig 33. Cadmium concentration in roots (•) and shoots (•) at 60 days (A), 90 days (B) and roots (•), shoots 
(•) and grains « • ) at 135 (C) days after seeding chickpea in cadmium amended soil. In this and 
succeeding figures, the values are mean of three replicates and error bar denotes standard deviation 
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Fig 34. Chromium concentration in roots and shoots at 60 days (A), 90 days (B) and roots, shoots and grains 
at 135 days (C) after seeding chickpea in chromium ^nended soil 
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Fig 35. Nickel concentration in roots (•) and shoots (•) at 60 days (A), 90 days (B) and roots (•), shoots 
(•) and grains (T) at 135 days (C) after seeding chickpea in nickel amended soil 
183 
100 n 
1 . 
• 
B. 
20-
0 
A 
JiT A 
/ • ' 
B 
^ 
/ ^ 
C 
/ 
.^  
i 
«t 
0 1 0 a 2 0 a 3 0 0 « X I 6 ( » o 100 2 ( » 3 0 0 i 4 0 0 S 0 0 0 100 200300 
Concentration of Pb (mg/kg of soil) 
Fig 36. Lead concentration in roots (•) and shoots (•) at 60 days (A), 90 days (B) and roots (•), shoots 
(•) and grains ( • ) at 135 days (C) after seeding chickpea in lead amended soil 
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Fig 37. Zinc concentration in roots (•) and shoots (•) at 60 days (A), 90 days (B) and roots (•), shoots 
(•) and grains ( • ) at 135 days (C) after seeding chickpea in zinc amended soil 
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Fig 38. Copper concentration in roots (•) and shoots (•) at 60 days (A), 90 days (B) and roots (•), shoots 
(•) and grains (T) at 135 days (C) after seeding chickpea in copper amended soil 
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Fig 39. Cadmium and chromium concentrations in roots (•) and shoots (•) at 60 days after seeding 
chickpea in soils treated with mixture of cadmium and chromium 
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Fig 40. Cadmium and chromium concentrations in roots (•) and shoots (•) at 90 days after seeding 
chickpea in soils treated with mixture of cadmium and chromium 
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Fig 41. Cadmium and chromium in roots (•), shoots (•) and grains (T) at 135 days after seeding chickpea 
in soils treated with mixture of cadmium and chromium 
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Fig 42. Cadmium and nickel uptake by roots (•) and shoots (o) at 60 days after seeding chickpea in soils 
treated with mixture of cadmium and nickel 
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Fig 43. Cadmium and nickel uptake by roots (•) and shoots (•) at 90 days after seeding chickpea in soils 
treated with mixture of cadmium and nickel 
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Fig. 44. Cadmium and nickel uptake by roots (•), shoots (•) and grains ( • ) at 135 days after seeding 
chickpea in soils treated with mixture of cadmium and nickel 
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Fig 45. Cadmium and lead uptake by roots (•) and shoots at 60 days after seeding chickpea in soils 
treated with mixture of cadmium and lead 
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Fig 46. Cadmium and lead uptake by roots (•) and shoots at 90 days after seeding chickpea in soils treated 
with mixture of cadmium and lead 
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Fig 47. Cadmium and lead uptake by roots, shoots and grains at 135 days after seeding chickpea in soils treated 
with mixture of cadmium and lead 
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Fig 48. Chromium and nickel concentrations in roots (•) and shoots (•) at 60 days after seeding chickpea in 
soils treated with mixture of chromium and nickel 
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Fig 49. Chromium and nickel concentrations in roots (•) and shoots (•) at 90 days after seeding chickpea in 
soils treated with mixture of chromium and nickel 
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Fig 50. Chromium and nickel concentrations in roots, shoots and grains at 135 da\s after seeding chickpea in 
soils treated with mixture of chromium and nickel 
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Fig 51. Chromium and lead uptake by roots (•) and shoots 
treated with mixture of chromium and lead 
at 60 days after seeding chickpea in soils 
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Fig 52. Chromium and lead uptake by roots and shoots at 90 days after seeding chickpea in soils treated with 
mixture of chromium and lead 
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Fig 53. Chromium and lead uptake by roots, shoots and grains at 135 days after seeding chickpea in soils 
treated with mixture of chromium and lead 
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Fig 54. Chromium and zinc accumulation in roots (•) and shoots (• • at 60 days after seeding chickpea in 
soils treated with mixture of chromium and zinc 
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Fig 55. Chromium and zinc accumulation in roots (•) and shoots (•) at 90 days after seeding chickpea in 
soils treated with mixture of chromium and zinc 
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Fig 56. Chromium and zinc accumulation in roots, shoots and grains at 135 days after seeding chickpea in 
soils treated with mixture of chromium and zinc 
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Fig 57. Nickel and lead concentrations in roots (•) and shoots ( ) at 60 days after seeding chickpea in soils 
treated with mixture of nickel and lead 
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Fig 58. Nickel and lead concentrations in roots (•) and shoots (^  ) at 90 days after seeding chickpea in soils 
treated with mixture of nickel and lead 
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Fig 59. Nickel and lead concentrations in roots, shoots and grains at 135 days after seeding chickpea in soils 
treated with mixture of nickel and lead 
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Fig 60. Nickel and zinc uptake by roots and shoots at 60 days after seeding chickpea in soils treated with 
mixture of nickel and zinc 
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Fig 61. Nickel and zinc uptake by roots and shoots at 90 days after seeding chickpea in soils treated with 
mixture of nickel and zinc 
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Fig 62. Nickel and zinc uptake by roots, shoots and grains at 135 days after seeding chickpea in soils treated 
with mixture of nickel and zinc 
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Fig 63. Lead, zinc and copper concentrations in roots (•) and shoots (•) at 60 days after seeding chickpea in 
soils treated with mixture of lead, zinc and copper 
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Fig 64. Lead, zinc and copper concentrations in roots (•) and shoots (•) at 90 days after seeding chickpea in 
soils treated with mixture of lead, zinc and copper 
3 200 
2 8 0 0 -
2 4 0 0 -
2 0 0 0 
16 0 0 
12 0 0 -
80 0 
400 
Root 
Shoot 
3200 
2800 
24 00 
20 00 
16 00 
12 00 
8 0 0 
400 
0 100 200 300 400 0 2000 4000 8000 8 0 0 0 1 0 0 0 0 0 300 600 900 
C o n c e n t r a t i o n o r p b < i n g / k g o f s o l l ) C o n c e n t r a t i o n o f Z n ( m g / k g t o H ) 
3 
I 
3 
C o n c e n t r a t i o n o r C u ( m g / k g o f s o l l ) 
Fig 65. Lead, zinc and copper concentrations in roots, shoots and grains at 135 days after seeding chickpea in 
soils treated with mixture of lead, zinc and copper 
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Fig 66. Cadmium concentration in roots (•) and shoots (•) at 50 days (A) and roots (•), shoots (o) and 
grains (T) at 80 days (B) after seeding the greengram in cadmium amended soil 
0 20 40 GO 80 100 120 140 IV 20 40 60 SO 100 120 140 ISO 
ConcentratJofi of chromium (mg/kg of soil) Concentration of chromium (mg/kg of soil) 
Fig 67. Chromium concentration in roots (•) and shoots (•) at 50 days (A) and roots (•), shoots (•) and 
grains (T) at 80 days (B) after seeding the greengram in chromium amended soil 
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Fig 68. Copper concentration in roots (•) and shoots (•) at 50 days (A) and roots (•), shoots (•) and 
grains (T) at 80 days (B) after seeding the greengram in copper amended soil 
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Fig 69. Cadmium and chromium concentration in roots and shoots at 50 days after seeding greengram in 
soils treated with mixture of cadmium and chromium 
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Fig 70. Cadmium and chromium concentration in roots, shoots and grains at 80 days after seeding 
greengram in soils treated with mixture of cadmium and chromium 
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Fig 71. Cadmium and copper concentration in roots (•) and shoots (• i at 50 days after seeding greengram 
in soils treated with mixture of cadmium and copper 
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Fig 72. Cadmium and copper uptake by roots, shoots and grains at 80 days after seeding greengram in soils 
treated with mixture of cadmium and copper 
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Fig 73. Chromium and copper uptake by roots and shoots at 50 days after seeding greengram in soils 
treated with mixture of chromium and copper 
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Fig 74. Chromium and copper uptake by roots, shoots and grains at 80 after seeding greengram in soils 
treated with mixture of chromium and copper 
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Fig 75. Cadmium concentration in roots (•) and shoots (•) at 90 days (A) and roots (•), shoots (•) and grains 
(T) at 120 days (B) after seeding the lentil in cadmium treated soil 
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Fig 76. Chromium concentration in roots (•) and shoots (•) at 90 days (A) and roots (•), shoots (•) and 
grains ( • ) at 120 days (B) after seeding the lentil in chromium treated soil 
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Fig 77. Copper concentration in roots and shoots at 90 days (A) and roots, shoots and grains at 120 days (B) 
after seeding the lentil in copper treated soil 
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Fig 78. Cadmium and chromium accumulation in roots and shoots at 90 days after seeding lentil in soils 
treated with mixture of cadmium and chromium 
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Fig 79. Cadmium and chromium accumulation in roots, shoots and grains at 120 days after seeding lentil in 
soils treated with mixture of cadmium and chromium 
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Fig 80. Cadmium and copper accumulation in roots and shoots at 90 days after seeding lentil in soils treated 
with mixture of cadmium and copper 
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Fig 81. Cadmium and copper in roots, shoots and grains at 120 days after seeding lentil in soils treated with 
mixture of cadmium and copper 
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Fig 82. Chromium and copper concentrations in roots and shoots at 90 days after seeding lentil in soils 
treated with mixture of chrommm and copper 
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Fig 83. Chromium and copper concentrations in roots, shoots and grains at 120 days after seeding lentil in 
soils treated with mixture of chromium and copper 
199 
0 5 10 15 20 2S 30 0 5 10 15 20 25 30 
Concentration of cadmium (mg/kg of soil) Concantratlon of CO (mg/kg soil) 
Fig 84. Cadmium concentration in roots and shoots at 90 days (A) and roots, shoots and grains at 120 
days (B) after seeding pea in cadmium amended soil 
-JO g 
oi 
15 3 
t 
IX 
E I 
3 
0 20 40 60 80 100 120 140 ISO Q 20 40 CO 00 100 120 140 100 
ConcantraUon of Chromium (mg/kg of toll) Conctntration of chromium (mg/kg of soil) 
Fig 85. Chromium concentration in roots (•) and shoots (•) at 90 days (A) and roots (•), shoots (•) and 
grains ( • ) at 120 days (B) after seeding pea in chromium amended soil 
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Fig 86. Copper concentration in roots (•) and shoots (•) at 90 days (A) and roots (•), shoots (•) and 
grains ( T ) at 120 days (B) after seeding pea in copper amended soil 
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Fig 87. Cadmium and chromium concentrations in roots and shoots at 90 days after seeding pea in soils 
treated with mixture of cadmium and chromium 
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Fig 88. Cadmium and chromium concentrations in roots, shoots and grains at 120 days after seeding pea in 
soils treated with mixture of cadmium and chromium 
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Fig 89, Cadmium and copper concentration in roots and shoots at 90 days after seeding pea in soils treated 
with mixture of cadmium and copper 
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Fig 90. Cadmium and copper uptake by roots, shoots and grains at 120 days after seeding pea in soils 
treated with mixture of cadmium and copper 
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Fig 91. Chromium and copper uptake by roots and shoots at 90 days after seeding pea in soils treated with 
mixture of cadmium and copper 
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Fig 92. Chromium and copper uptake by roots, shoots and grains at 120 days after seeding pea in soils treated 
with mixture of chromium and copper 
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Fig 93. Chromium concentration in the roots (A), shoots (B) at 90 days after seeding chickpea in the 
absence and presence of bioinoculant Mesorhizobium strain RC-3 with different levels of 
chromium. The values indicate the mean ± S.D of three replicates. 
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Fig.94. Chromium concentration in the roots (A), shoots (B) and grains (C) at 135 days after seeding 
chickpeas in the absence and presence of bioinoculant Mesorhizobium strain RC-3 with different 
levels of chromium. The values indicate the mean ± S.D of three replicates. 
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Fig 95. Chromium uptake by the roots (A), shoots (B) at 90 days after seeding chickpea in the absence (•) 
and presence (•) of bioinoculant Bacillus strain PSB-10 with different levels of chromium. The 
values indicate the mean ± S.D of three replicates. 
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Fig. 96. Chromium uptake by the roots (A), shoots (B) and grains (C) at 135 days after seeding chickpeas 
in the absence (filled circle*) and presence (open circle ) of bioinoculant Bacillus strain PSB-
10 with different levels of chromium. The values indicate the mean ± S.D of three replicates. 
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Fig 97. Nickel concentration in the roots (A) and shoots (B) at 50 days after seeding greengram in the 
absence (•) and presence (•) of bioinoculant Bradyrhizobium strain RMS with different levels of 
nickel. The values indicate the mean ± S.D. of three replicates. 
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Fig. 98. Nickel concentration in the roots (A), shoots (B) and grains (C) at 80 days after seeding 
greengram in the absence and presence of bioinoculant Bradyrhizobium strain RMS with 
different levels of nickel. The values indicate the mean ± S.D of three replicates. 
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Fig 99. Zinc concentration in the roots (A) and shoots (B) at 50 days after seeding greengram in the 
absence (•) and presence of bioinoculant Bradyrhizobium strain RMS with different levels of 
zinc. The values indicate the mean ± S.D of three replicates. 
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Fig 100. Zinc concentration in the roots (A), shoots (B) and grains (C) at SO days after seeding greengram in 
the absence (•) and presence of bioinoculant Bradyrhizobium strain RMS with different levels 
of zinc. The values indicate the mean ± S.D. of three replicates. 
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Fig 101. Glutathione reductase activity in the roots (A) and nodules (B) at 90 da>s after seeding lentil in the 
absence (•) and presence (•) of bioinoculant strain Rhizohium RL9 with different levels of nickel. 
The values indicate the mean ± S.D, of three replicates. 
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Fig 102. Glutathione reductase activity in the roots (A) and nodules (B) at 120 davs after seeding lentil in the 
absence (•) and presence (•) of bioinoculant Rhizohium strain RL9 with different levels of nickel. 
The values indicate the mean ± S.D. of three replicates. 
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Fig 103. Glutathione reductase activity in the roots (A) and nodules (B) at 90 days after seeding lentil in 
the absence (•) and presence (•) of bioinoculant Rhizohium strain RL9 with different levels of 
lead. The values indicate the mean ± S.D of three replicates. 
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Fig 104. Glutathione reductase activity- in the roots (A) and nodules (B) at 120 days after seeding lentil in 
the absence (•) and presence (•) of bioinoculant Rhizohium strain RL9 with different levels of 
lead. The values indicate the mean ± S.D of three replicates. 
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Fig 105. Glutathione reductase activity in the roots (A) and nodules (B) at 90 days after seeding lentil in the 
absence (•) and presence (•) of bioinoculant Rhizohium strain RL9 with different levels of zinc. 
The values indicate the mean ± S.D of three replicates. 
2900 4O00 0000 8000 10000 0 2000 4000 0000 
Concentration of zinc (mg/kg soil) 
Fig 106. Glutathione reductase activity in the roots (A) and nodules (B) at 120 da\s after seeding lentil in 
the absence (•) and presence (•) of bioinoculant Rhizohium strain RL9 with different levels of 
zinc. The values indicate the mean ± S.D of three replicates. 
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Fig 107. Nickel concentration in the roots (A) and shoots (B) at 90 days after seeding lentil in the absence 
(•) and presence (•) of bioinoculant Rhizobhim strain RL9 with different levels of nickel. The 
values indicate the mean ± S.D of three replicates. 
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Fig 108. Nickel concentration in the roots (A), shoots (B) and grains (C) at 120 days after seeding lentil in 
the absence (•) and presence (•) of bioinoculant Rhizobium strain RL9 with different levels of 
nickel. The values indicate the mean ± S.D of three replicates. 
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Fig 109. Lead accumulation in the roots (A) and shoots (B) at 90 days after seeding lentil in the absence (•) 
and presence (•) of biomoculant strain Rhizobium RL9 with different levels of lead. The values 
indicate the mean ± S.D of three replicates. 
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Fig 110. Lead accumulation in the roots (A), shoots (B) and grains (C) at 120 days after seeding lentil in the 
absence (filled circle) and presence (open circle) of bioinoculant Rhizobium strain RL9 with 
different levels of lead. The values indicate the mean ± S.D of three replicates. 
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Fig 111. Zinc concentration in the roots (A) and shoots (B) at 90 days after seeding lentil in the absence and 
presence of bioinoculant Rhizobium strain RL9 with different levels of zinc. The values indicate the 
mean ± S.D of three rephcates. 
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Fig 112. Zinc accumulation in the roots (A), shoots (B) and grains (C) at 120 days after seeding lentil in the 
absence and presence of bioinoculant strain Rhizobium RL9 with different levels of zinc. The values 
indicate the mean ± S.D of three replicates. 
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Fig 113. Glutathione reductase activity in A: roots and B: nodules at 90 days after seeding pea in the absence 
and presence of bioinoculant Rhizobium strain RP5 with different levels of nickel. The values 
indicate the mean ± S.D of three rephcates. 
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Fig 114. Glutathione reductase activity in A; roots and B: nodules at 90 days after seeding pea in the absence 
and presence of bioinoculant Rhizobium strain RP5 with different levels of zinc. The values indicate the 
mean ± S.D of three replicates. 
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Fig 115. Glutathione reductase activity in A: roots and B; nodules at 120 days after seeding pea in the 
absence (•) and presence (•) of bioinoculant Rhizobium strain RP5 with different levels of nickel. 
The values indicate the mean ± S.D of three replicates. 
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Fig 116. Glutathione reductase activity in A: roots and B: nodules at 120 days after seeding pea in the 
absence and presence of bioinoculant Rhizobium strain RP5 with different levels of zinc. The values 
indicate the mean ± S.D of three replicates. 
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Fig 117. Nickel concentration in the roots (A), shoots (B) at 90 days after seeding pea in the absence and 
presence of bioinoculant Rhizobium strain RP5 with different levels of nickel. The values indicate 
the mean ± S.D of three replicates. 
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Fig 118. Nickel concentration in the roots (A), shoots (B) and grains (C) at 120 days after seeding pea in 
the absence and presence of Rhizobium strain RP5 with different levels of nickel. The values 
indicate the mean ± S.D of three rephcates. 
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Fig 119. Zinc concentration in the roots (A) and shoots (B) at 90 days after seeding pea in the absence and 
presence of Rhizobium strain RP-5 with different levels of zinc. The values indicate the mean ± 
S.D of three replicates. 
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Fig 120. Zinc concentration in the roots (A), shoots (B) and grains (C) at 120 days after seeding pea in the 
absence and presence of Rhizobium strain RP-5 with different levels of zinc. The values indicate 
the mean ± S.D of three replicates. 
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Plate 1 Plant growth promoting activities and starch hydrolysis of plant growth promoting 
rhizobacteria (PGPR) 
A. Hydrogen cyanide production by PGPR on glycine amended medium (i) negative 
(ii) positive 
B. Siderophore production on CAS agar plates 
C. Solubilization of insoluble phosphate on Pikovskaya agar plate by (i) Bacillus 
strain PSB 10 (ii) Bacillus PSB7 (iii) Bacillus PSBl and (iv) Aspergillus sp. 
D. Starch hydrolysis by PGPR strains on starch agar plates 
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Plate 2. Growth of chickpea plants as influenced by different concentrations of 
(A) Cadmium (B) Nickel (C) Zinc and (D) copper 
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Plate 3. Growth of pea plants influenced by different concentrations of 
(A) Cadmium (B) Chromium 
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Plate 4. Growth of lentil in cadmium (A) and copper (B) amended soils 
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Plate 5. Growth of greengram as influenced by (A) Cadmium and (B) Copper 
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Plate 6. Impact of chromium tolerant Mesorhizohium RC3 on the performance of chickpea grown 
in the soil treated with different concentrations of chromium (VI). 
lA: Growth in the absence of bio-inoculant 
IB: Growth in the presence of bio-inoculant 
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Plate 7. Growth of lentil plants in soils treated with- (A) nickel in the absence (1 A) and presence 
(2A) of metal tolerant Rhizohhim RL9 and (B) lead in the absence (IB) and presence (2B) of 
Rhizobium RL9 
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Plate 8. Effect of zinc and nickel tolerant Rhizobium RP5 on the performance of pea plants 
in soil treated with zinc (A) and nickel (B) 
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Plate 9. Nodulation distribution on the root system of inoculated legume plants: 
(A) Pea (B) Greengram (C) Chickpea (D) Lentil 
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Discussion 
5.1. Microbial diversity in polluted and conventional soils 
Microbial community in general and PGPR in particular, forms an important component of 
soil and help in predicting the changes in soil environment, as they affect physico-chemical 
properties of soil. The microbes are involved in many soil process including decomposition, 
nutrient mobilization and mineralization, release of nutrients, nitrogen fixation, phosphate 
solubilization, denitrification, bioremediation and suppressing soil borne phytopathogens 
(Ahmad et al., 2008; Maliha et al , 2004). Microorganisms in soils are greatly influenced by 
the physico-chemical properties of soils such as diversity of root exudates, pH and 
temperature of soil and organic matter content of soils (Burdman et al.. 2001) and 
concentration of pollutants,. However, microbial diversity varies from soil to soil including 
polluted and conventional soils. In polluted soils, contamination with heavy metals such as 
cadmium, lead, chromium etc. has been found to reduce the total microbial biomass, 
decreases the specific population and may cause change in the microbial community 
structure and consequently the activities of microorganisms (Giller et al., 1998; Khan and 
Scullion., 2002). The microbial diversity in both metal stressed and conventional soils can 
be assessed using the culture based methods and the signature biomarkers (culture 
independent technique) such as nucleic acids and fatty acids. The culture independent 
techniques have made studies related to their identification and determination of the 
potentials, they posses easier. However, these techniques are cost effective and require 
considerable skills for interpretation of results. Therefore the identification of microbes 
using physiological and biochemical tests are performed on routine basis (Garbeva et al.. 
2004). Though, culture dependent techniques are limited for studies on the composition of 
natural microbial communities in soil when used alone, yet they help in understanding the 
growth characteristics, functional diversity and potential ecological behavior of 
microorganisms (Kozdraj and van Elsas, 2001). 
In the present study, viable counts of bacteria, fiingi and phosphate solubilizers 
inhabiting metal contaminated soils of Mathura Road (SI) and Exhibition Ground (S2) and 
non-polluted soils of Faculty of Agricultural Sciences, AMU, Aligarh (S3) were determined. 
A significantly higher microbial diversity in the non-polluted soils of mustard and tomato 
was observed compared to the polluted rhizospheric soils of chickpea, greengram and brinjal 
(SI). Similarly, the population density of bacteria, fungi and phosphate solubilizing bacteria 
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recovered from chickpea, greengram, lentil and pea grown in metal contaminated soils (S2) 
differed considerably. Generally, the microbial populations were greater in the soil samples 
collected from (S2), compared to those observed in SI site. In general the microbial 
populations in SI and S2 were less compared to S3 site which could possibly be due to the 
presence of variable amounts of heavy metals (e.g Cd 11.5; Cr 67.5; Ni 290.1; Zn 4890; Cu 
669.1 and Pb 195 mg/kg soil for site SI and Cd 9.8; Cr 64.2; Ni 334; Zn 3550; Cu 535 and 
Pb 191 mg/kg soil for site S2), which in turn might have adversely affected the growth, 
morphology and activities of rhizobacteria (Baath et al., 1998; Khan and Scullion, 2002) 
besides the plant genotypes and physico-chemical properties of soils. These metals exert a 
selective pressure on the organisms, resulting in microbial populations with higher tolerance 
to metals, but with lower diversity (Baath et al., 1998). This finding is in agreement to those 
of Abou-Shanab et al., (2005), who also observed a population of 1 x 10^  CFU/g of bacteria 
in the rhizosphere of diplachne fusca. Reduction in the nitrogen fixing bacteria at elevated 
concentrations of metals is also reported (Broos et al., 2005). However, this study, suggested 
that the microbes were able to survive even under the metal contaminated soils. 
Rhizobacteria are plant associated bacteria that are able to colonize plant roots and 
may exert beneficial, deleterious or neutral effects on plant growth. Moreover, beneficial 
rhizobacteria capable of stimulating plant growth by aggressively colonizing plant roots 
have generally been referred to as plant growth promoting rhizobacteria (PGPR). Therefore, 
the plant growth promoting rhizobacteria belonging to phosphate solubilizing and nitrogen 
fixing groups were isolated and evaluated for their diversity in terms of plant growth 
promoting activities in order to explore these PGPR for the growth promotion of legumes, 
used in this study. Though, the mechanisms by which the PGPR augment plant growth is not 
fully understood, yet they are believed to promote the growth of plants by numerous 
mechanisms, which may act directly or indirectly (Antoun and Prevost, 2005) and 
consequently affect the development of crop plants. In addition to their growth regulating 
properties, the PGPR must also possess the ability to compete with other soil microflora and 
colonize and establish themselves in the rhizosphere. Therefore, before PGPR are selected 
for pot/field trials, they must be evaluated for their PGP activities under in vitro conditions. 
In this study, a total of 50 strains each of Mesorhizobium and Bradyrhizobiim 
recovered from nodules of chickpea and greengram, respectively and 50 strains of 
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Rhizobium isolated each from nodules of pea and lentil and 50 strains of phosphate 
solubilizers collected from mustard and tomato, grown in different soils of district Aligarh, 
were selected and identified using morphological and biochemical tests (Holt et al., 1994). 
Based on the physiological and biochemical properties, the isolates were broadly grouped as 
Gram positive and Gram negative bacteria with rod shape appearance. The Gram positive 
strains were presumptively identified as Bacillus, while Gram negative rods as 
Pseudomonas and rhizobial strains. However, due to the lack of facilities for molecular 
characterization, the isolated PGPR strains were not characterized for their genetic 
diversity/variability. Further, based on their growth promoting potentials assayed under in 
vitro conditions, Mesorhizobium were grouped into four PGP groups where group I included 
30% strains with four PGP traits, followed by group II, which had 40% strains all of which 
were positive for ammonia, HCN and lAA, group III consisted of 20% strains (all positive to 
ammonia and lAA) and group IV contained only one strain (RCIO) that showed the 
synthesis of lAA only. Similarly, the Rhizobium spp. isolated from pea and lentil, were also 
grouped into four PGP types respectively, whereas Bradyrhizobium strains were grouped 
into two PGP groups. Phosphate solubilizers were also divided into four PGP groups. 
Generally, the production of ammonia. HCN and lAA were the most prominent PGP traits 
of all the selected PGPR strains in this study. Similar reports on the production of plant 
growth promoting substances by plant growth promoting rhizobacterial strains including 
nitrogen fixers like Rhizobium (Ahmad et al., 2008; Deshwal et al., 2003; Khan et al., 2001), 
Bradyrhizobium (Shaharoona et al., 2006; Antoun et al., 1998), and phosphate solubilizers 
like Bacillus (Ahmad et al., 2008; Zaidi et al., 2006; Perveen et al., 2002), Pseudomonas 
(Rajkumar et al., 2006; Gupta et al., 2005), Azotobacter (Ahmad et al., 2008; Verma et al., 
2001) and other bacteria (Vivas et al., 2006, Sheng and Xia, 2006) is reported. 
5.2. Tolerance of plant growth promoting rhizobacteria to metals and antibiotics 
Long term metal deposition into soil results in high metal concentrations, which in turn 
affect negatively the soil microflora (Matsuda et al., 2002). Heavy metals generally exert 
inhibitory action on microorganisms by blocking essential functional groups or modifying 
the active conformations of biological molecules. However, at low concentrations, metals 
(e.g. cobalt, copper and zinc) are essential for microorganisms, since they provide vital co-
factors for metallo proteins and enzymes (Nies, 1999). In natural environment, metal-
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microbe interaction is complex and is influenced by several edaphic factors, such as pH or 
organic matter content (Saeki et al.. 2002). The ability to grow even at high metal 
concentration is however, found in many plant growth promoting rhizobacteria including 
symbiotic nitrogen fixing bacteria (Lakzian et al., 2002) and may be the result of intrinsic or 
induced mechanism (Giller et al., 1998). Tolerance may be defined as the ability to cope 
with metal toxicity by means of intrinsic properties of the microorganisms while resistance 
is the ability of microbes to survive in higher concentrations of toxic metals by 
detoxification mechanisms, activated in direct response to the presence of heavy metals 
(Ledin, 2000). There are reports that have shown a high level tolerance to heavy metals by 
rhizobia. Conflicting reports are, however, available in the literature on the tolerance level of 
rhizobia, which could possibly be due to the variation in the tolerance ability of rhizobia, age 
of the culture, growth conditions employed or metal concentrations and their speciation. For 
instance, Rhizobium leguminosarum isolated from metal contaminated soil tolerated 92.9 
\xM of zinc (Delorme et al., 2003) while Rhizobium species isolated from nodules of 
Trifolium repense tolerated 300 mg/kg nickel and showed an effective symbiosis with its 
legume host, when grown in nickel amended soils (Smith and Giller, 1992). 
In the present study, tolerance level of the PGPR strains to the varying 
concentrations of cadmium, chromium, nickel, lead, zinc and copper was studied under in 
vitro conditions. When analyzing metal tolerance in different isolates, the progressive 
increase in metal concentration was chosen, that the isolate could tolerate rather than using 
the soil concentrations. This was made in order to identify the bacterial strains with high 
tolerance to heavy metals which could later on be exploited for their application under metal 
contaminated soils. Among the N2 fixers, Rhizobium isolated from pea nodules, showed a 
higher tolerance to lead and zinc (ranging between 100-1300 |ag Pb/ml and 1350-1500 |.ig 
Zn/ml), which was followed by nickel and chromium. Of these rhizobial species, strain RP5 
exhibited higher maximum resistance level (MRL) to each metal. Rhizobium isolated from 
lentil nodules, displayed a high resistance towards lead and ranged between 150 {Rhizobium 
sp. RL6) to 1400 \iglm\ {Rhizobium RI.9 and RLll), which was followed for zinc and 
chromium. Among these strains, strain RL9 showed resistance to multiple metal ions. 
Similarly, Mesorhizobium strains showed a high tolerance to lead and zinc, which was 
followed for chromium, whereas cadmium was found to be more toxic than the other heavy 
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metals. The tolerance of Bradyrhizohium strains to zinc ranged between 1400-1500 ^g/ml 
while for lead, it ranged between 1100-1300 |ig/ml. However, chromium and nickel in 
general, poorly affected the growth of bradyrhizobial strains. Of these strains, 
Bradyrhizobium RMS was found to be the most tolerant strain to majority of metals. On the 
other hand, the strains of phosphate solubilizers were found tolerant to zinc, lead and 
chromium, whereas they were most sensitive to cadmium. Among phosphate solubilizers. 
Bacillus strain PSBl, PSB7 and PSBIO showed significantly greater tolerance to majority of 
the tested metals. In accordance with these findings, other workers have also found bacteria 
showing resistance to heavy metals. For instance, nickel and zinc tolerance by Rhizohium 
leguminosarum biovar trifolii isolated from sewage sludge treated soil was reported by 
Purchase and Miles, (2001), who observed a metal tolerance of 0.24-0.26 mM Ni^ ^ and 6.0-
8.0 mM Zn^ "^ . Similarly, metal tolerance by Rhizobium, Bradyrhizobium and Azotobacter 
(Pajuelo et al., 2007) and varying level of resistance among other PGPR {Bacillus and 
Pseudomonas) have also been reported (Yilmaz., 2003; Thacker et al., 2007; Wasi et al., 
2008). Similarly, variation in the MRLs of R. leguminosarum biovar viciae subjected to 
different concentrations of zinc, lead, cadmium, nickel and chromium is reported (Pereira et 
al., 2006). The metal resistance may provide an additional competitive advantage to 
rhizobacteria which in turn may help to reduce the toxicity of the heavy metals in soils. The 
metal resistance among the PGPR strains as observed in this study could be plasmid 
encoded or chromosome mediated or via other mechanisms, such as, biosorption or 
bioaccumulation etc. (Nies, 1999; Yilmaz, 2003). In other study, metal resistance by 112 
strains of Gram negative Pseudomonas was also repoted by Anisimova et al., (1993), who 
found a metal resistance of 1-10 mM for Ni^^and 1-6 mM for Zn^ .^ Conflicting reports are 
however, available in the literature on the resistance level of bacteria. For instance, 
Pseudomonas strain CRB5 was tolerant to 550 |ag/ml of chromate (McLean and Beveridge, 
2001) while a Gram positive Bacillus sphaericus isolated from serpentine soil was tolerant 
to 800 ^g/ml Cr (VI), as reported by Wang et al., (1990). The variation in the ability of 
PGPR to tolerate different levels of metals could possibly be due to the differences in the 
types of media used and growth conditions employed (Rajkumar et al., 2005); although the 
molecular basis for the observed difference is not clear. Our study however, showed that the 
resistance level of the PGPR {Mesorhizohium RC3, Bradyrhizobium RMS, Rhizobium RP5 
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specific to pea, Rhizobium RL9 specific to lentil and Bacillus PSBIO) was considerably 
high. 
Bacterial resistance to antibiotics is an emerging problem these days. Resistance to 
antibiotics is acquired by a change in the genetic make up of microbes, which can occur by 
either a genetic mutation or by transfer of antibiotic resistant genes between organisms in 
the environment (Spain and Aim, 2003). Furthermore, the increased use of antibiotics in 
health care as well as in agriculture, is in turn contributing to the growing problems of 
antibiotic resistant bacteria. Products such as heavy metals used in industry along with 
antibiotics create a selective pressure in the environment that consequently leads to the 
mutation in organism that will allow them better to survive and multiply. Clustering of genes 
on a plasmid, are beneficial to the survival of that organism and its species because those 
genes are more likely to be transferred together in the event of conjugation. Thus, in an 
environment with multiple stresses, for example antibiotics and heavy metals, it would be 
more ecologically favorable in terms of survival for a bacterium to acquire resistance to both 
stresses. If the resistance is plasmid mediated, bacteria harbouring clustered genes are more 
likely to pass on those genes to other neighbouring bacteria which would then have a better 
chance of survival. With these considerations, the antibiotic resistance among PGPR was 
studied which differed from antibiotic to antibiotic for all the PGPR strains. Multiple 
antibiotic resistance shown by PGPR strains (e.g. Mesorhizobium RC4 and Bradyrhizobium 
RMS) might be associated with a high degree of tolerance to metals. In many studies, metal 
tolerance and antibiotic resistance have been reported (Yilmaz, 2003; Verma et al., 2001). It 
has been suggested that under environmental conditions of metal stress, metal and antibiotic 
resistant microorganisms will adapt faster by the spread of R-factors than by mutation and 
natural selection (Silver and Misra, 1988). Similar observations on antibiotics resistance by 
PGPR strains have been reported (Thacker et al., 2007). The variation in the resistance to 
many tested antibacterial drugs (antibiotics) may possibly be due to the differences in 
growth conditions and exposure of PGPR to stress conditions or toxic substance as well as 
presence or absence of resistance mechanisms that could be encoded either by chromosome 
and/or R-plasmid (Spain and Aim, 2003). 
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5.3. Functional diversity among plant growth promoting rhizobacteria 
Generally, plant growth promoting rhizobacteria including Ni-fixing bacteria promote plant 
growth by providing phytohormones to the plants, besides providing plants with essential 
nutrients. In addition, they can also reduce the toxicity of heavy metals in soil contaminated 
with metals, and consequently, promote the growth of legumes cultivated in metal polluted 
sites. Plant growth promoting activities of PGPR were, therefore, further assessed. Among 
the phytohormones, indole acetic acid (lAA) and its analogue is the primary auxin in most 
plants, which is synthesized form tryptophan, primarily in leaf primordial, young leaves and 
developing seeds. Indole acetic acid plays an important role in the development of roots 
including initiation, cell enlargement and cell division (Glick, 1995). In the present study, of 
the total 50 bacterial strains screened for lAA production, the strains of Mesorhizobium (N= 
10), Bradyrhizobium (N= 14), Rhizobium isolated from pea (N= 14) and lentil (N= 15) 
nodules and a total of 10 phosphate solubilizers (Bacillus and Pseudomonas) produced a 
substantial amount of lAA during 24 h of growth in LB broth supplemented with different 
concentrations of tryptophan. Generally, the amounts of lAA increased consistently with 
increase in tryptopphan concentration. In comparing the effect of various concentrations of 
tryptophan on lAA synthesis by the PGPR strains, it was found that 100 |ig/ml tryptophan 
showed a substantial increase of 48 and 18% (by Mesorhizobium sp. RC4), 305 and 17% 
{Rhizobium RP7 specific to pea), 416 and 43%) (by Rhizobium RL9 specific to lentil). 291 
and 32%) {Bradyrhizobium RM2) and 49 and 1%) {Bacillus sp. PSBIO) in lAA over 20 and 
80 |Lig/ml of tryptophan, respectively. 
The potential of N2 fixing and phosphate solubilizing bacteria in metal resistance/ 
reduction and their ability to provide N and P to the legume crops in metal contaminated soil 
make them one of the most suitable choices for bioremediation studies. Therefore, the PGP 
activities of metal tolerant strains in the presence of certain metals were assessed further. 
The effect of three concentrations each of Ni, Cr (VI), Pb and Zn on lAA production was 
determined in LB broth supplemented with 20, 60 and 100 |ag/ml tryptophan. The strains of 
Mesorhizobium!Rhizobia, Bradyrhizobium and Bacillus produced a substantial amount of 
lAA in the presence of heavy metals. Generally, the production of lAA by the plant growth 
promoting rhizobacterial strains decreased progressively with increase in metal 
concentrations but did not differ significantly (P < 0.05) among treatments. Like the effect 
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of tryptophan on lAA synthesis by the bacterial strains in untreated LB broth, the strains 
also showed a consistent increase in the lAA production which increased with increasing 
rates of tryptophan, even in the presence of metal. The production of lAA by the plant 
growth promoting rhizobacterial strains in this study indicated that the selected strains 
utilized tryptophan as precursor for growth and the lAA production was not adversely 
affected under metal stress. Similar evidence of phytohormone production by 
Mesorhizobium (Ahmad et al., 2008), Bradyrhizobium and Rhizobium (Antoun et al., 1998). 
Bacillus, Pseudomonas (Rajkumar et al., 2006; Shaharoona et al., 2006) and Azotohacter 
(Verma et al., 2001; Ahmad et al., 2008) is reported. 
Siderophore is yet another important metabolite released by the PGPR that indirectly 
affects the growth of plants. In the present study, 30% of Mesorhizobium, 21% each of pea 
rhizobia and Bradyrhizobium, 33% of lentil rhizobia and 70% of phosphate solubilizers 
produced siderophore on CAS agar plates and in liquid medium. Similarly, three strains 
from each group produced siderophore on solid CAS agar plates or in liquid medium 
supplemented separately with three concentrations of nickel, chromium, lead and zinc. 
Metal tolerant strains displayed a positive siderophore activity as indicated by the 
development of orange colored zone on CAS agar plates after 4 days of growth. 
Furthermore, the ethyl acetate extraction from culture supernatant of each plant growth 
promoting rhizobacterial strains yielded a substantial amount of salicylate and 2, 3-
dihydroxy benzoic acid. Interestingly, the production of siderophore by the metal tolerant 
PGPR strains were not adversely affected significantly by any of the tested concentration of 
chromium, nickel, lead and zinc. It is assumed that the siderophore released by the PGPR 
strains in rhizosphere bind to the available form of Fe'^ ^ and make iron unavailable to the 
phytopathogens, leading there by to an increase in plant health. Moreover, microbial 
siderophores are used as iron chealating agents that can regulate the availability of iron in 
the plant rhizosphere (Loper and Henkels. 1999). It has been found that competition for iron 
in rhizosphere is controlled by the affinity of microbial siderophores, but plant requires a 
lower iron concentration for normal growth than do microbes. Similar evidence on both 
qualitative and quantitative production of siderophore by Pseudomonas (Rajkumar et al., 
2006; Sharma et al., 2003; Gupta et al., 2005), Rhizobium and Bradyrhizobium (Noordhman 
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et al., 2006; Tank and Saraf, 2003), Bacillus (Shen and Xia, 2006) and Kluyvera ascorbata 
(Burd et al., 2000) is reported. 
Cyanide and ammonia are the other metaboUtes produced by several plant growth 
promoting rhizobacterial strains directly from glycine and cyanogenic glycosides, both of 
which have been demonstrated in root exudates. Cyanide is produced by many 
microorganisms and plays an important role in biological control of pathogens (Bano et al.. 
2003). The ammonia released by the bacterial strain plays a signaling role in the interaction 
between plant growth promoting bacteria and plants (Becker et al., 2002). Moreover, the 
ammonia released by the bacterial strain is known to increase the glutamine synthetase 
activity (Chitra et a l , 2002). In addition, ammonia transporters found in several PGPR are 
thought to be involved in the reabsorption of N H / released as a consequence of NH3 
diffusion through the bacterial membrane (Van Dommelen et al., 1997). Therefore, the 
synthesis of HCN and ammonia by the PGPR strains was tested under both metal free and 
metal supplemented media. Of the total PGPR strains, 18% of Mesorhizohium, 28% of 
Bradyrhizobium and pea rhizobia, 30% of lentil rhizobia and 20% of phosphate solubilizers 
were positive for ammonia. Similarly 14% of Mesorhizobium, 10% each of pea, lentil 
rhizobia and phosphate solubilizers and 6% of Bradyrhizobium were positive for HCN. The 
present study is in agreement to the findings of others (Bano et al., 2003; Deshwal et al.. 
2003). 
Phosphorus is one of the essential plant nutrient required by the plants whose 
deficiency restrict the crop yields severely. Many tropical and sub-tropical soils are P-
deficient (Gaume, 2000). Even where organic and inorganic P forms are abundant in soils. 
their concentration in the soil solution is in the micromolar range (0.1-10 |aM P) (Frossard et 
al., 2000). These low levels of P are due to high reactivity of soluble P with calcium, iron or 
aluminum that leads to P precipitation. Therefore, in order to circumvent the P deficiency, 
the microorganisms possessing the phosphate solubilizing activity are applied to soils to 
meet the crop P demands. In this context, PGPR strains were fijrther screened and evaluated 
for their P solubilizing potential using both solid and liquid Pikovskaya medium 
supplemented with or without nickel, chromium, lead and zinc. In the present study, 20% of 
the bacterial isolates belonging mainly to genera Bacillus and Pseudomonas showed the 
phosphate solubilizing activity as detected by the formation of a clear halo around their 
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growth. However, the zone of solubilization decreased when cultures were grown in 
Pikovskaya medium supplemented with 150 |ig/ml of chromium and nickel and 900 \ig/m\ 
of lead and zinc, compared to those observed for metal free control. Similarly, a 
considerable amount of tri-calcium phosphate (TCP) was solubilized both in the absence and 
presence of metals; which decreased with increasing concentrations of nickel, chromium. 
lead and zinc. A maximum decrease of 17, 15 and 9% at 150 |ig Cr/ml, 17, 18 and 12% at 
150 |igNi/ml, 15, 13 and 10% at 900 ^g Pb/ml, 18, 15 and 9% at 900 ngZn/ml, by Bacillus 
PSBl, PSB7 and PSBIO, respectively, was observed relative to the control. The 
solubilization of insoluble P by the rhizosphere microorganisms has often been due to the 
secretion of organic acids (Khan et al., 2007; Singal et al., 1994). The solubilization of TCP 
was coupled with the decrease in pH values under both metal free and metal amended liquid 
Pikovskaya culture media with plant growth promoting rhizobacterial strains which could 
probably be due to the release of organic acids (Maliha et al., 2004). Similar evidence of 
phosphate solubilization by the Bacillus and Pseudomonas (Gupta et al., 2002, 2005; Ahmad 
et al., 2008) is reported. Contrarary to the findings of Abd-AUa. (1994), Canbolat et al.. 
(2006), who observed P solubilization by Rhizobium and Bradyrhizohium, none of the 
rhizobial strains used in this study demonstrated P solubilization either on solid or in liquid 
Pikovskaya medium. The present study thus suggested that the intrinsic ability of both 
normal and metal tolerant strains expressing the production of plant growth promoting 
substances including siderophores in the presence and absence of chromium, nickel, lead 
and zinc could be exploited to augment the growth of plants under metal stressed 
environment. 
5.4. Chromium reduction, metal solubilization and growth behaviour of PGPR 
Chromium, a wide spread environmental pollutant is released from various industries 
including tarmeries, metal cleaning and processing, chromium plating, wood processing 
and alloy formation. Among the different forms of chromium, the hexavalent chromium 
[Cr (VI)] is the most toxic and carcinogenic (Kamaludeen et al., 2003) due to their high 
solubility in water, rapid permeability through biological membranes and subsequent 
interaction with intracellular proteins and nucleic acids (Reeves et al., 1983). The heavy 
metals in general can not be biologically transformed to more or less toxic products and 
hence, persist in the environment. Although the reduction of Cr (VI) causes the chromate 
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toxicity, their further reduction leads to the formation of stable, less soluble and less toxic 
Cr (III). Reduction of potentially toxic Cr (VI) to Cr (III) is thus, a useful process for 
remediation of Cr (VI) affected environments (Thacker et al , 2007). In this context, the 
detoxifications of chromium by naturally occurring microorganisms provide a viable 
option to protect the envirormient from chromium toxicity. Therefore, the present study 
was designed to determine the Cr (VI) reducing ability of the metal tolerant strains of plant 
growth promoting rhizobacteria. Of all these bacterial strains, only six bacterial isolates 
belonging to phosphate solubilizing groups (N= 3) and mesorhizobial groups (N= 3) 
showed considerable chromium (VI) reducing potential under in vitro conditions. 
Furthermore, the effect of both the pH and concentrations of chromate (K2Cr207) on 
chromium reduction by the selected bacterial strains was evaluated. Among the selected 
PGPR, the strains included were Bacillus PSBl, PSB7 and PSBIO while for 
Mesorhizobium, strains RC1, RC3 and RC4 were selected. Of these. Bacillus PSB 10 and 
Mesorhizobium RC3 showed greater chromium (VI) reducing ability at pH 7, which was 
followed by RCl and PSBl. Similarly, the selected PGPR strains also reduced chromium 
(VI) considerably at pH 6 and at pH 8, with 100 ^g/ml Cr (VI) after 120 h of incubation 
but was comparatively less than those observed at pH 7. However, the Cr (VI) reduction by 
all the PGPR strains was greater at pH 6 or 8, compared to those observed at 5 and 9. For 
instance, a maximum decrease in reduction of Cr (VI) was found to be 159, 24. 28 and 
137% at pH 5, 6, 8 and 9 in comparison to the reduction determined at pH 7 by Bacillus 
PSBl. Similarly, for Mesorhizobium RC3, a maximum decline was 104, 20, 23 and 114% 
at pH 5, 6, 8 and 9, compared to those observed at pH 7. In agreement to these findings, 
the optimum pH for growth of Cr (VI) resistant bacteria was reported as 7-7.8, but Cr (VI) 
forms are soluble over a wide pH range and generally mobile in soil- water systems (Losi 
et al., 1994a). Wang et al., (1990) reported that Cr (VI) reduction by Enterobacter cloacae 
occurred at pH 6.5-8.5 and was strongly inhibited at pH 5 and 9. However, since Cr (VI) 
reduction is an enzyme-mediated process, the variation in pH could affect the degree of 
ionization of enzyme leading to changes in the protein conformation, that in turn might 
affect the enzyme activity (Farrel and Ronallo, 2000). 
Generally, the time for total reduction of chromium (VI) by both species of 
Bacillus and Mesorhizobium increased with increase in the concentration of chromium 
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(VI). However, the complete reduction of Cr (VI) did not occur at concentrations higher 
than 50 ng/ml even after 120 h but the extent of chromate reduction at these concentrations 
were quite high (> 50 %). Moreover, the reduction of Cr (VI) in this study varied both with 
the concentrations of chromium and incubation periods. In a similar study. Gram-positive 
bacteria capable of reducing Cr (VI) as a terminal electron acceptor and with a relatively 
high level of resistance to chromate have been isolated from tannery effluents (Rajkumar et 
al., 2005). Although, the exact mechanism of reducing chromium by microbes is not well 
understood, yet the microbes capable of reducing Cr (VI) acquired the enzymes (e.g. 
chromate reductase) for degrading related compounds present in the environment or 
produced the reductants that, intum, reduce Cr (VI) by chemical redox reactions. A similar 
report on the Cr (VI) reduction has also been observed for Bacillus sp. (Elangovan et al.. 
2006) and Providencia sp. (Thacker et al., 2006) and Brucella sp. Isolated from Cr (VI) 
contaminated sites (Thacker et al., 2007). In other study, McLean and Beveridge, (2001), 
reported the complete reduction of 20 |ag/ml Cr (VI) after 120 h of incubation by 
Pseudomonas strain CRB5. 
An important step in metal extraction is solubilization of the desired metals. Since 
these valuable transition metals are often locked up inside insoluble manganese and/or 
ferric oxide phases, reductive dissolution of oxides becomes an essential prerequisite for 
their solubilization. Keeping in view the importance of metal solubilization by microbes, 
attempts were made to identify the PGPR strains capable of solubilizing metal in this 
study, so that they could later on be used in metal contaminated soils in order to promote 
the growth of plants by solubilizing toxic metals. Among the test isolates. Bacillus sp. PSB 
1 solubilized maximum amounts of both zinc oxide (102.6 jig/ml) and lead chloride (229.9 
\iglm\) which was followed by the isolate PSB 10 (98.4 and 171.8 ^ig/ml of Zn O and 
PbCb, respectively) and Bacillus PSB 7 (88.5 and 97.5 ^g/ml of Zn O and PbCb 
respectively) when grown in the absence of metals. In comparison, maximum 
solubilization of zinc oxide and lead chloride by the three isolates was observed at 50 
fig/ml of chromium and nickel and 300 ng/ml of lead and zinc compared to 100 and 150 
\iglm\ of chromium and nickel and 600 and 900 |ig/ml of lead and zinc. The three 
concentrations of these metals did not show any significant reduction in metal 
solubilization by species of Bacillus, compared to control. The presence of lead and zinc in 
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substantial quantities in the supernatant thus indicated that lead and zinc solubilization was 
due to microbial activities, which were not adversely affected by the metals. At low pH, 
lead is also known to undergo some solubilization causing fatal interactions between free 
lead ions and microbial cells. This finding corroborates the findings of Ekundayo and 
Killham, (2001) and Hughes and Poole, (1989) who attributed Pb solubilization, 
accumulation and mobilization from lead to microbial action. The solubilization of zinc 
oxide and zinc phosphate by Pseudomonas aeruginosa was also observed by Fasim et al., 
(2002). However, the other metal tolerant strains belonging to Mesorhizobium. 
Bradyrhizobium and Rhizobium did not show solubilization of either zinc oxide or chloride 
salt of lead under in vitro conditions. 
Generally, metals are highly toxic, non-essential element for microorganisms and 
plants (Cerventes et al., 2001). At higher concentration, metal inhibits the growth of most 
wild type bacteria and is tolerated by only a minority of organisms. In the present study. 
the species of Bacillus, Mesorhizobium, pea and lentil rhizobia were grown in nutrient 
broth (Bacillus) and YEM broth (Nj fixers) supplemented with 50-150 |a.g/ml of chromium 
and nickel and 300-900 ng/ml of lead and zinc in order to evaluate the effect of these 
metals on their growth behaviour. Maximum growth of Bacillus or rhizobia in general, 
occurred at the lowest concentration of each metal, which declined considerably with 
increase in the concentration of metals and incubation periods. The reduction in bacterial 
growth at higher concentrations of metals could be due to the availability of relatively 
more concentrations of metals in liquid medium compared to solid medium. However, the 
growth was decreased considerably in liquid medium compared to solid medium for 
reasons that are not yet clear. Moreover, the toxicity of metal ions depends upon the 
chemical composition of the medium. The various components of rich media such as 
peptones, yeast extract etc, forms a complex with metals thus making them less available 
and consequently leading to increased resistance to metals in rich media than in minimal 
media (Hughes and Poole, 1991). Furthermore, the reduced growth at higher concentration 
of metals is likely related to the alteration of genetic material and altered metabolic and 
physiological reactions of bacteria (Losi et al., 1994 b). Among the two distinct groups of 
organisms, rhizobia in general were more resistant to metals than Bacillus, which could 
possibly be due to the synthesis of exo-polysaccharides (EPS) by the bacterial strains 
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(Tank and Saraf, 2003). The EPS in turn might have protected the bacteria from metal 
toxicity by trapping/ stabilizing the metals on to the EPS, as reported in Pseudomonas 
putida (Priester et al., 2006) and Rhizobium (Tank and Saraf, 2003). 
5.5. Metal Toxicity to legumes 
Heavy metals such as, lead, mercury, arsenic, cadmium, zinc and nickel causing pollution of 
the biosphere has increased dramatically since the beginning of the industrial revolution. 
After discharge from various sources, metals accumulate into soils to the extent that may 
affect the soil fertility and crop productivity. The toxicity of the heavy metals varies with the 
genotype and age of plants (Shaw and Rout, 2002) and also depends on the physico-
chemical properties of soil, root exudates and concentration of metals in the soil. The 
elevated concentrations of heavy metals in soils, however, adversely affect the different 
metabolic activities of plants, leading thereby to the decrease in over all growth of plants 
including legumes. Toxicity may result in binding of metals to sulphydryl groups of 
proteins, leading to an inhibition of activity or disruption of protein structure (Das et al., 
1997). With these considerations, the phytotoxic effects of three concentrations of cadmium, 
chromium, nickel, lead, zinc and copper (for chickpea); cadmium, chromium and copper 
(greengram and lentil and pea) were evaluated under pot house trials. These metals were 
used both alone and in combination for each legume crop separately. 
Generally, the lower rates of metals tested in this study, when used either alone or in 
combination did not have a significant (P < 0.05) negative impact on the growth and 
biomass of chickpea, pea, lentil and greengram measured at intervals. The growth of 
chickpea, greengram, lentil were stimulated, compared to the control plants, when these 
plants were raised in soils treated with 34, 68 and 136 mg/kg soil of chromium while three 
concentrations each of cadmium and chromium, when used alone improved the growth of 
pea only. A possible explaination for this is that the lower rates of tested metals might have 
been influenced by root exudates, such as, the release of organic acids (Jackson et al., 1990) 
or pH changes of rhizosphere which regulate the uptake of metals and the metals involved, 
as previously reported (Prasad, 1999). Interestingly, chickpea, greengram and lentil were 
tolerant to chromium while pea showed tolerance to cadmium and chromium which could 
probably be due to the synthesis of phytochelatins (PC); a simple y - glutamyl peptides 
(Grill et al., 1985). The synthesis of phytochelatins is induced by most of the heavy metals 
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including the multi - atomic anions (Maitani et al , 1996) in most of the higher plants (Geker 
et al., 1989) and the phytochelatin synthetase involved in the synthesis of phytochelatins 
requires metals for its activation (Grill et al., 1989). Since the phytochelatin synthetase 
activity has been detected largely in roots (Steffens, 1990), and root is the first organ 
exposed to the metal ions in the soil, the roots of the test plant showing tolerance to these 
metals might have provided an effective means of restricting the uptake of metals by 
forming a metal - phytochelatin complex. The phytochelatin- metal complexes has been 
reported mostly for cadmium but a few reports of phytochelatin forming complexes with 
copper is also available (Grill et al., 1987). However, no such phytochelatins forming 
complexes with chromium with any of the legumes used in this study are known. 
However, when metal concentrations become too high, the plant barrier looses its 
function, probably due to toxic action of metals, and the uptake rates massively increase. 
Moreover, as a result of increased uptake, these metals interact with many cellular 
components thereby interfering with the normal metabolic functions, causing cellular 
injuries and in extreme cases death of the plants. Further, the growth retardation may also be 
due to loss of cellular turgor resulting in decreased mitotic activities or inhibition of cell 
elongation (Prasad, 1999). In the present investigation, the highest tested concentrations of 
cadmium, nickel, lead, zinc and copper (for chickpea); cadmium and copper (for lentil and 
greengram) and copper (for pea) when used alone or in combination had the greatest 
phytotoxic effect on these crops at different sampling days. This is possibly due to the 
inhibition or damage of all classes of biomolecules including proteins, enzymes and DNA 
(Asada, 1994) through the generation of reactive oxygen intermediates. Although all 
reactive oxygen intermediates are more or less highly reactive and are toxic to living 
organisms, the ultimate damaging effect is, however, mainly by singlet oxygen ('O2) and 
hydroxyl radical (HO ). The rapid and specific reaction of these radicals in turn damages all 
classes of bio-molecules (Breen and Murphy, 1995). Oxidative stress due to the cadmium 
treatment has been reported in pea leaves (McCarthy et al., 2001) while copper is known to 
interfere with oxidative enzymes in bean leaves (Shainberg et al., 2001). Moreover, the 
reduction in plant growth could also be due to the decline in photosynthetic pigments (Bibi 
and Hussain., 2005 ) and Rubisco activity (Sheoran et al., 1990). Furthermore, since many 
sites that are irrigated with sewage are often contaminated with a broad range of metals, it 
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was therefore, important to examine the effectiveness of the test plants when cadmium, 
chromium, copper and other metals were present simultaneously in the soil and to compare 
the results with those of treatments where the same metals were applied separately. 
Normally, when plants are exposed to unfavorable concentrations of more than one metal, 
various interactions can occur. Such combination effects could be independent, additive, 
synergistic or antagonistic. The lesser toxicity following combined metal application could 
be due to the antagonistic effect of one metal over others. During this antagonism, a 
competition between metals occurs for common sites on the cell surface, where more 
efficient competitors prevent the uptake of other metals and hence, the effect may be 
reduced. In the present study, both synergistic and antagonistic effects were observed. In 
contrary to these findings, Renab et al., (2002), observed a significant increase in dry matter 
accumulation and N content in alfalfa grown in sludge amended soils with potentially toxic 
heavy metals. However, these results can not be compared with the present findings because 
they reported the short term effect of sludge application. In addition, applying sludge to 
agricultural soils improves the physical and biological properties of the soil, since it contains 
organic matter and plant nutrients. 
The nodulation of chickpea, pea, lentil and greengram plants through their host 
specific rhizobial partner is an important aspect of legume-Rhizohium symbiosis that 
provides N to the legume plants. The effect of metals on symbiosis varied greatly with the 
types and concentrations of metals and age of the plants. Generally, the nodulation on these 
legume plants decreased with the age of plants, grown either in the absence or presence of 
metals. The proper development and function of nodules and N2 fixation appears to be 
hindered by the metal application (Broos et al., 2004, 2005). In the present study, chickpea, 
lentil, pea and greengram plants grown in sandy clay loam soil treated separately with three 
concentrations of cadmium, chromium, nickel, lead, zinc and copper (for chickpea); 
cadmium, chromium and copper (for lentil, pea and greengram) had fewer nodules at 60, 90 
and 135 DAS (for chickpea), 90 and 120 DAS (for pea and lentil) and 50 and 80 DAS (for 
greengram), compared to control. The reduction in the number of nodules is possibly due to 
the direct toxic effect of these metals either on the root hairs or rhizobia, as observed in zinc 
and cadmium treated alfalfa plants (Ibekwe et al., 1996). Damage to the root system, as a 
result of metal toxicity is supposed to be the reason for the lack of proper nodule formation. 
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The induction of root hair damage by some heavy metals in legumes and/or the effect of 
these metals on nodulation have been reported for Cu (Kopittke et al., 2007). These authors 
concluded that the nodulation process is directly affected by the metal inhibition of root hair 
formation. Furthermore, in the present study, cadmium in general, had greatest toxic effect 
on the nodulation in chickpea, greengram and lentil while copper showed the highest 
toxicity to nodulation in pea plants. However, cadmium and copper in general, when applied 
separately or as mixture had the greatest toxicity for their respective legumes. It is believed 
that metals not only decreased the size of the Rhizobium population but also the genetic 
diversity (Hirsch et al, 1993), including the spontaneous loss of symbiotic plasmids 
(Cassella et al., 1988). The latter effect would result in the loss of the ability to nodulate 
legumes, as the genes necessary for nodulation are present on this plasmid. In this context, 
the strains of rhizobia that survived in heavy metal contaminated soils had the least number 
of plasmid types and the increased number of plasmid bands per isolate (Lazkian et al., 
2002). Hence, it appeared that plasmids were involved in metal tolerance of rhizobia. Still 
the function of these plasmids is however, unclear. Similar evidence of toxicity of metals on 
nodulation on legume crops is reported (Broos et al., 2005; Pajuelo et al., 2007). 
Interestingly, the lower rates of chromium and mixture of chromium and lead 
(chickpea at 60 and 90 DAS); chromium at 34, 68 and 136 mg/kg soil (greengram at 50 
DAS), chromium at 34 mg/kg soil (lentil at 90 and 120 DAS) and cadmium, chromium and 
cadmium with chromium at all the three concentrations (pea at 90 and 120 DAS) stimulated 
the nodulation on the root system. This observation was important because it raised the issue 
of whether or not the chickpea, lentil, greengram and pea plants or rhizobial symbionts used 
in this study can use multiple mechanisms of resistance to the same metal. In this context, 
several mechanism of resistance to metals in microorganisms is known. For instance, the 
production of a polysaccharide layer by the rhizobial species surrounds the cell and could 
ionically sequester metals, preventing their entry into the cell. Interestingly, the production 
of these polymeric layers often occurs without exposure to metal and is known to be 
involved in adhesion, nutrient storage and protection against desiccation and other 
environmental assaults. Moreover, some bacteria actively pump the metal back out of the 
cell once it has crossed the cell membrane with the use of energy dependent efflux pumps. 
Roane and Kellogg, (1996) in a study of lead resistance in soil communities from lead 
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contaminated soils, has also observed increasing resistance with increasing metal 
concentration. However, there are several possible explanations for these effects- a) one or 
more of the metals present might have prevented the formation of effectively N2 fixing 
nodules by active Rhizobium strains present in the soil (Giller et al., 1993) or b) the metal 
application might have resulted in the elimination of effective Rhizobium strains from the 
soil (Broos et al., 2004) and as a result, indirectly affected the N2 fixation (Chaudri et al.. 
2000). Giller et al., (1998) also concluded that clover rhizobia are far more sensitive to the 
toxic effects of heavy metals than are their host plant. The toxic effect of heavy metals on N2 
fixation is, according to Giller et al., (1998), clearly due to toxicity to rhizobia in the soil, 
which results in their gradual extinction. Like the effect of metals on nodule numbers, 
increase/decrease in nodule mass of nodules produced on root system of each legume 
following metal application was observed. The nodule number was positively correlated 
with nodule dry weight of chickpea at 60 (r = 0.88) and 90 DAS (r = 0.51) (Fig. 121). 
greengram at 50 (r = 0.80) and 80 DAS (r = 0.92) (Fig. 122), lentil at 90 (r = 0.95) and 120 
DAS (r = 0.92) (Fig. 123) and pea at 90 (r = 0.95) and 120 DAS (r = 0.97) (Fig. 124). 
Similarly, nodule dry weight was also positively correlated with total dry weight of chickpea 
at 60 (r = 0.82) and 90 DAS (r = 0.48) (Fig. 125); greengram at 50 (r =0.87) and 80 DAS (r 
= 0.85) (Fig. 126); lentil at 90 (r = 0.96) and 120 DAS (r =0.93) (Fig. 127) and pea at 90 (r = 
0.97) and 120 DAS (r = 0.92) (Fig. 128). 
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Fig 128. Linear regression between nodule dr}' 
weight and total plant of pea measured at 
different stages of plant growth 
The important role of the leghaemoglobin in the nodule suggests that changes in its 
concentration could affect the entire system of nitrogen fixation. The leghaemoglobin, an 
iron containing protein which binds to oxygen is an indicator of nodule activity. The 
leghaemoglobin facilitates the oxygen diffusion throughout the interior of the nodule, while 
bacteroids require oxygen to maintain metabolic function. In this experiment, the nodules on 
the root system of chickpea, grengram, lentil and pea plants raised in soil treated with metals 
had considerably a lower concentration of leghaemoglobin. In contrast, the leghaemoglobin 
content was increased by 12 and 20% at 136 mg Cr/kg soil (chickpea at 60 and 90 DAS, 
respectively),50 % at 136 mg Cr/kg soil (greengram at 50 DAS), 20% at 34 mg Cr/kg soil 
(lentil at 90 DAS), and 33% at 12 mg Cd/kg soil (pea at 90 DAS), compared to control. 
Levels of leghaemoglobin in multiple metal combinations were significantly decreased 
compared either with un-treated control or single metal treatments. Since chromium for 
greengram, lentil and chickpea and chromium and cadmium for pea, had no toxic effect, it 
was expected that nodules in the presence of these metals could contain leghaemoglobin at 
levels greater than the control. This finding thus suggested that the leghaemoglobin was not 
the target of the chromium for chickpea, greengram and lentil and Cd and Cr for pea. 
Comparable observations on the effect of Cd, Ni, Cu and Zn on soybean nodules has been 
reported (Stephen and Weidensaul, 1978). Similarly, adverse effect of heavy metals on the 
synthesis of leghaemoglobin and reduction in the nitrogenase activity is reported (Skujins et 
al., 1986). The leghaemoglobin assayed in this study was positively correlated with nodule 
dry weight of chickpea at 60 (r = 0.66) and 90 DAS (r = 0.63) (Fig. 129), greengram (r = 
0.53) (Fig. 130), lentil (r = 0.63) (Fig. 131) and pea (r = 0.79) (Fig. 132). 
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Fig 130. Linear regression between nodule dry 
weight and leghaemoglobin content measured 
at 50 days of greengram growth 
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Chlorophyll is the most important photosynthetic pigment which plays an important 
role in converting light energy into chemical energy. Chlorophyll molecule has a cyclic 
tetrapyrrolic structure (porpyrin) with an isocyclic ring containing a magnesium atom at its 
centre and a phytol chain attached to it. Bearing the significance of this pigment in mind, the 
effect of different metals on the chlorophyll content of fresh foliage of chickpea, greengram, 
lentil and pea grown in metal treated soil was determined at different stages of legume 
growth. Obviously, cadmium declined the chlorophyll content in foliage of chickpea while 
cadmium and copper depressed the chlorophyll content in leaves of lentil, greengram and 
pea. Generally, cadmium was found as the most effective inhibitor of chlorophyll synthesis 
of the four legumes when grown either with single or multiple metal combination 
treatments. When taken up by the plants, heavy metals are translocated to different organs of 
plants including leaves and results in a wide variety of toxic effects. From these 
investigations, it was evident that the photosynthetic apparatus were very sensitive to the 
toxicity of heavy metals. However, the metal induced changes in chlorophyll synthesis in 
four legumes were types and metal concentration and age and legume genotype dependent. 
It is generally believed that the heavy metals react with the photosynthetic apparatus at 
various levels of organization and architecture leading to i) accumulation of metals in leaves 
ii) metal interaction with cytosolic enzymes and organics iii) alteration of the functions of 
chloroplast membrane and iv) supra molecular level action particularly on PSl, PS2. 
membrane acyl liquids and carrier proteins in vascular tissues (Prasad, 1999). In these 
studies, cadmium might have affected the biosynthesis of chlorophyll more in mature leaves 
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having properly organized inner membrane than in younger developing leaves. Similar 
reduction in chlorophyll content following metal application for different plant species has 
been reported (Mysliwa- Kurdziel and Strzatka, 2002a; Bibi and Hasnain, 2005). In 
addition, the reduction in the chlorophyll content following the heavy metal applications 
could be due to the inhibition of the whole photosynthetic electron transport chain, as also 
observed in other higher plants (Yruela et al., 1993). Further, the toxicity of other metals, for 
instance, Cu also induce changes in the membrane fluidity and results in decrease in the PS 1 
and PS2 photochemical activity (Henriques, 1989). Indeed, the metals lead to the formation 
of hydrogen peroxide and superoxide radical, whose production might have declined the 
photosynthetic rates and accounted for decrease in chlorophyll biosynthesis. A similar 
reduction in chlorophyll content in phaseolus aureus exposed to Cd has been reported due to 
the generation of 'O2 (Shaw, 1995a) Additionally, the enzymes of photosynthetic carbon 
reduction (PCR) cycle, such as Rubisco, 3-PGA kinase, NADP, NAD-Glyceraldehyde - 3 -
P-dehydrogenase and aldolase have also been found to be inversely affected by Cd and Ni 
(Sheoran et.al., 1990). In comparison, the other metals (e.g., Pb and Cr for chickpea and 
chromium for lentil, pea and greengram) stimulated the synthesis of chlorophyll content, as 
also reported by Tripathi et al., (2005), who showed that the bioinoculant Pseudomonas 
putida KNP4 improved the chlorophyll content of mungbean, when they were grown in 
cadmium amended soil. The biosynthesis of chlorophyll affects the over all growth of 
legume including the symbiotic properties of legume and a strong correlation between 
chlorophyll and leghaemoglobin was observed for chickpea at 60 (r =0.71) and 90 DAS (r = 
0.82) (Fig. 133), greengram (r = 0.60) (Fig. 134), lentil (r = 0.57) (Fig. 135) and pea (r = 0.29) 
(Fig. 136). 
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Fig 134. Linear regression between chlorophyll 
content and leghaemoglobin content at 50 DAS 
of greengram growth 
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Nitrogen content of the legume plants is one of the most important aspects of 
Rhizobium-hgume symbiosis. The nitrogen content in roots and shoots determined at 
different stages of chickpea, lentil, pea and greengram differed among treatments. 
Invariably, the nitrogen content in legume organs decreased with age of plants and was 
influenced by metal concentration. Among the metals, cadmium used alone or as mixture in 
general, showed the largest toxic effect on N content of roots and shoots of chickpea, lentil 
and greengram while copper (single or multiple combination) was found to be the most toxic 
metals both for root and shoot N of pea. Moreover, the combination of metals in general, 
showed a greater synergistic toxic effect on N content of plant tissues (roots and shoots) than 
those observed for single application of metals. The decrease in N contents of inoculated 
legume plants might have been due to the reduction in Legume- Rhizobium symbiosis, as 
indicated by a decline in the nodulation in this study. Moreover, the reduction in N content 
was visible through the yellowing of leaves, which could possibly be due to the reduction of 
chlorophyll biosynthesis and the depressive effect of these metals on nitrogenous bases 
(Sinha et al., 1988). A similar reduction in total root and shoot N in alfalfa following single 
application of zinc and cadmium (Ibekwe et al., 1996) or combination of Cd-Zn in roots and 
shoots of bean (Chaoui et al., 1997) has been reported. Interestingly, the lower rates of 
chromium and lead marginally increased the root N at all the three stages of chickpea 
growth while the three concentration of Cr increased the root and shoot N at 50 and 80 DA 
of greengram; Cd at 6 + 12 mg/kg soil and Cr at 34 and 68 mg/kg soil increased root and 
shoot N at 90 and 120 DAS of pea and chromium at 34 mg/kg soil increased both root and 
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shoot N at 90 and 120 DAS of lentil plants. Similar increase in N content in legume organs 
was reported by Chaoui et al., (1997). 
Indeed, the metals added to the soil had the adverse effect on the growth of legume 
plants that subsequently declined the seed yield. Among the metals used, cadmium either 
alone or in combination with chromium and copper (for greengram and lentil), copper either 
alone or as mixture (for pea) and cadmium and zinc either individually or in multiple 
combination (for chickpea) was found as the most toxic metal for seed production. In 
comparison, the three concentrations of chromium and lead (for chickpea), three 
concentrations of chromium (for greengram), 34 mg/kg of chromium (for lentil) and three 
concentrations of cadmium and chromium (for pea) enhanced the grain yield, which 
decreased gradually with increase in their dosage, as it did with the other metals. Similar 
evidence of metal toxicity on seed production in greengram, blackgram and pigeonpea is 
reported (Kala et al., 1991; Aziz et al., 1996). The reduction in seed yield following heavy 
metal application has been attributed to the effects of metal ions on the proliferation of roots, 
necrosis and root hair damage, and to shoot growth (Pajuelo et al., 2007). The reduction in 
roots and shoots then lead to the suppressive effect on dry matter production and 
consequently the seed yield (Bisessar et al., 1983). However, the increase in grain yield of 
chickpea, greengram, lentil and pea, following lower and higher rates of certain metals could 
be due to (i) the tolerance of these metals by the rhizobial strains used in this study (ii) The 
reduction of metals (eg. cchromium) by the rhizobial strains (Rajkumar et al., 2005) or (iii) 
the development of rhizobia resistant to these metals (Purchase and Miles, 2001). In a 
similar study, the increase in grain yield in chickpea, pigeonpea {Cajans cajan), summer 
mung and lentil, following irrigation with waste water containing chromium, copper, nickel, 
lead and zinc have been reported (Aziz et al., 1996). However, this finding can not be 
compared with our results because the refinery waste water used as irrigation for the legume 
crops had the essential nutrients that might have contributed to the increased growth of these 
legumes and consequently, the grain yields. Among the metals tested, chromium showed 
little adverse effect on the seed yield which could be due to its insolubility as reported under 
most soil conditions (Prasad, 1999). Generally, the composite application of heavy metals in 
the present study, strongly decreased seed yield. These effects were more than the sum of 
the individual doses of each metal, suggesting synergism beyond multiple additive effects 
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(positive multiplication interaction). For instance, cadmium alone reduced the seed yield by 
19%, which was synergistically enhanced by 21 and 24% with cadmium + nickel and 
cadmium + chromium + nickel, respectively. In comparison, heavy metals in some of the 
treatment (chromium + lead) showed an additive effect and increased the chickpea seed 
yield by 13%, compared with 10% each by chromium and lead alone. Similar evidence on 
the effect of combined metal application has been reported (Charlier et al., 2005; Wang et 
al., 2002). Among the metal combinations and four legumes used in this study, the mixtures 
of cadmium with chromium had the greatest adverse effect on seed yield of chickpea, 
compared to lentil, greengram and pea plants. The order of toxicity of single and multiple 
metals on seed yield decreased in the order: pea < greengram < lentil < chickpea. The seed 
yield was positively correlated with chlorophyll content of chickpea at 60 (r =0.74) and 90 
DAS (0.74) (Fig. 137), greengram (r = 0.77) (Fig. 138), lentil (r = 0.46) (Fig. 139) and pea (r 
= 0.29) (Fig. 140). 
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Protein content in the grains of legumes is an important parameter, which was 
affected by the heavy metals. Generally, protein contents in seeds of the four legumes 
declined consistently with increase in the concentration of metals following single or 
multiple metal combination except with the chromium (68 mg/kg soil) and lead (all three 
concentrations) that increased the grain protein in chickpea. Similarly, the three 
concentrations of chromium consistently increased the grain protein in greengram, the 
maximum being 11% at 136 mg/kg while the three concentrations of cadmium and 68 
mg/kg of chromium increased the grain protein of pea compared to control. Though, the 
grain protein of inoculated pea decreased at the highest dose of cadmium applied but was 
even higher than the untreated control. Since cadmium and chromium did not affect the 
plant growth and symbiosis of pea adversely, which could be the reason why seed 
production or grain protein increased with the application of these metals. Additionally, 
since the soil used in this study was non- sterilized, there is every possibility of the presence 
of the chromium reducing or lead solubilizing bacteria for chromium and lead, respectively 
while cadmium might have induced the synthesis of phytochelatins or any other antioxidant 
enzymes, as also reported by others (Faisal and Hasnain, 2005; Ekundayo and Killham. 
2001; Grill et al., 1989) that might have attenuated the toxicity of these metals to protein 
synthesis by legume seeds. However, the reduction in grain protein following certain metals 
could be due to the high affinity of these metals for ligands of proteins suggesting that the 
enzymes and functional proteins are the main targets of the heavy metals. The effect of 
heavy metals on protein content in seeds of legumes is difficult to interpret. However, the 
indirect effect of the tested metals on active metabolism of the plants and perhaps their 
symbiotic partner and decreased availability of N to the seed in turn might have accounted 
for decreased grain protein. Similarly, the reduction in grain proteins of other legumes is 
reported (Salgare and Acharekar, 1992; Satyakala and Jamil, 1997). A strong correlation 
between seed yield was and grain protein was observed for chickpea (r = 0.76), greengram (r 
= 0.89), lentil (r = 0.90) and pea (r = 0.92). 
Exposure of plants/microbes to heavy metals and other adverse environmental 
factors can disrupt cellular homeostasis and enhance the production of several activated 
oxygen species, designated as reactive oxygen species (ROS). Such ROS includes 
superoxide, hydroxyl radicals, oxygen singlet and hydrogen peroxide, that are produced 
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continuously by plant (Foyer and Noctor, 2003). These ROS constitute an important aspect 
of the oxygen problem in different organs of legumes. For instance, nodules have a high 
capacity to produce these damaging chemicals because of the (i) high rates of respiration, 
(ii) the strong reducing conditions required to reduce N2 (iii) the tendency of 
leghaemoglobin to auto-oxidize and (iv) the likely ability of nitrogenase to directly reduce 
oxygen (Dalton, 1995). However, plants possess efficient defense systems that allow the 
scavenging of ROS and consequently protect plant cells from oxidative damage (Gratao et 
al., 2005). One such enzyme is glutathione reductase (GR), which detoxifies the H2O2 via 
the ascorbate-glutathione cycle (Azevedo et al., 1998). Considering these facts, the GR 
activity were detected in organs (roots and nodules) of inoculated pea and lentil plants only, 
grown in soils treated with only chromium, cadmium and copper, applied individually or as 
mixtures. Generally, the concentration dependent increase in the GR activity of roots and 
nodules of both legumes, measured at 90 and 120 DAS, was observed for the three metals 
used in this study. The GR activity of roots and nodules of both lentil and pea crop was 
more in cadmium amended soil, compared to copper or chromium. Among the measured 
organs of legumes, roots in general, showed the highest GR activity for all metals, 
compared to nodules of each legume. These findings suggest that cadmium, chromium and 
copper caused an oxidative stress in plants and triggered the synthesis of antioxidant 
enzymes in the plant organs, which could play an important role in protecting these legumes 
from metal toxicity. Similar reports on the effect of metals on the antioxidant production by 
Phaseolus vulgaris (Parmar and Chandra, 2005) and horsegram [Macrotyloma uniflorum 
(Lam) verdc] and bengalgram is reported (Reddy et al., 2005) while production of 
antioxidants by Crotalaria juncea exposed to nickel was reported by Cardoso et al., (2005). 
The accumulation of metals in plant organs such as roots, shoots and grains of 
chickpea, pea, lentil and greengram uprooted at different stages of growth was variable. The 
concentration of metals in plant organs were greatly influenced by type and concentration of 
metals and legume genotypes. The accumulation of metals in each legume crop was highest 
at double the normal concentration of each metal compared to the normal or half rates of 
each metal. The phyto-accumulation of heavy metals in general, was higher in roots of each 
legume compared to those observed for shoots or grains at all rates of metals, applied either 
singly or in multiple metal combination. Among the legumes, chickpea had the greatest 
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uptake of metals compared to other legumes used in this study. It is also clear from this 
study that accumulation of metals by the legume plants was altered in the presence of 
additional metals. The variation in the uptake of metals by the legume plants could be due to 
several reasons. For instance, the smaller uptake of metals by plant tissues in amended soil 
could be due to the antagonistic effect of one metal on the other. A second possibility could 
be the existence of interaction at the root surface between metals for plant uptake. Lastly, 
there was probably a competition between metals for adsorption onto soil. A similar 
variation in the accumulation of metals in different legume plants is reported (Wang et al.. 
2002; Rodriguez et al., 2007). 
5.6. Bioremediation studies 
Bioremediation involves the use of living/dead organisms to degrade/transform the toxic 
heavy metals into less toxic forms. It involves the use of naturally occurring microflora or 
plants to reduce, eliminate, contain or transform metals to benign products, present in soils, 
sediments, water or air. In this context, plant-microbe interactions have been proposed to 
increase the bioremediation capacity of plants (Zhuang, et al., 2007; Khan et al., 2008). 
Legumes in association with different species of rhizobia and other PGPR strains are 
receiving greater attention for their application used in the remediation of metal 
contaminated soils (Ike et al., 2007). Bioremediation depends on the presence of sufficient 
number of viable organisms and the proper conditions suitable for their growth. In this 
context, metal tolerant strains of Mesorhizobium RC3, , bradyrhizobial strain RMS, 
Rhizobium specific to lentil RL9, Rhizobium specific to pea RP5 and phosphate solubilizing 
bacterium Bacillus PSBIO possessing the ability (i) of phytohormone production (ii) to 
tolerate high concentrations of metal ions and (iii) to form functional symbiosis (only N2 
fixers) with their respective legume host plants were used to evaluate their bioremediation 
potential using their specific legume host grown in soils treated with Cr (for chickpea), Ni 
and Zn (for greengram and pea) and Ni, Pb and Zn (for lentil). In this experiment, chickpea, 
lentil, greengram and pea plants grew poorly when soil was treated with different 
concentration of Cr (for chickpea), Ni and Zn (for pea and greengram) and nickel, lead and 
zinc (for lentil) for reasons explained earlier. 
In contrast, when metal tolerant rhizobial strains were also used with different 
concentrations of selected metals, increased the growth and symbiosis. For instance, when 
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strain RP5 was also used with 580 mg Ni/kg soil, it increased the dry matter, nodule 
numbers and nodule mass of pea by 12, 17 and 25%, respectively, at 90 DAS and 16, 25 and 
12%, respectively, at 120 DAS. However, while comparing the effects of different 
concentrations of nickel on inoculated pea plants, a substantial increase of 19, 23 and 32% at 
90 DAS and 18, 23 and 28% at 120 DAS in dry matter accumulation, nodule numbers and 
nodule mass, respectively, was observed at 290 mg Ni/kg soil, compared to plants that were 
non-inoculated but amended with the same rate of nickel. Similarly, when Rhizohiim sp. 
RP5 was also added with 4890 mg Zn/kg soil, increased the dry matter, nodule numbers and 
nodule mass significantly by 18, 23 and 33% at 90 DAS and 15, 21 and 22% at 120 DAS. 
respectively, compared to plants grown in the absence of bio-inoculant but amended with 
the same dose of zinc. Generally, though with increase in metal concentration, there was a 
decrease in the measured parameters even in the inoculated legumes, but there was a 
considerable increase in the measured parameters of inoculated legumes even at the highest 
dose of each metal, compared to the un-inoculated plants grown with the same highest rates 
of each individual metal. Similarly, the highly metal tolerant and symbiotically effective 
strains o1 Mesorhizohium (RC3), phosphate solubilizer {Bacillus PSBIO), Bradyrhizohium 
(RM8) and Rhizobium (RL9) substantially increased the measured parameters of their 
respective host plants, compared to un-inoculated but metal treated control plants. Similarly. 
the improved symbiotic relationship expressed in terms of nodulation on the respective 
legume host in metal amended soil suggested the establishment of rhizobial species and its 
ability to form functional nodules on legumes even in the presence of heavy metal. 
However, the development of nodules on the root system of un-inoculated or inoculated 
with metal tolerant Bacillus PSBIO legumes suggested that nodules might have been 
produced by some indigenous rhizobial population, because soil used in this study was non-
sterilized. 
Plant growth promoting rhizobacteria including N2 fixers can affect plant 
development either indirectly by circumventing the toxic effects of metals or directly by 
synthesizing the plant growth regulating substances. Moreover, the phytohormone is 
reported to reduce the effect of high concentration of certain metals (e.g., Cd) on the growth 
of non-inoculated soybean plants (Ghorbanli et al., 1999). Inoculation of metal tolerant and 
phytohormone producing strain augmented the growth of legumes when the bacterial strains 
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including N2 fixers and phosphate solubilizers {Bacillus PSBIO) were applied as seed 
inoculant in metal amended soil. This study consolidated the fact that the selected strains 
possesses metal reducing/ tolerance ability which in turn might have provided the protection 
to legume plants against the inhibitory effects of each metal (Faisal and Hasnain, 2006). 
Furthermore, the siderophore and lAA producing ability of these strains might also have 
enhanced root growth and uptake of soil minerals by the host plant (Zaidi et al., 2006). The 
lAA produced by the rhizobial strains promotes root growth directly by stimulating plant 
cell elongation or cell division (Minamisawa and Fukai, 1991). The results thus suggest that 
the application of these strains as a seed bio-inoculant increased the metal tolerance and 
through their PGP activities promoted over all growth of legume plants. Similar evidence of 
increase in plant growth in metal amended soil has been reported (Faisal and Hasnain, 2005; 
Pajuelo et al., 2007). In other study, Burd et al., (2000), observed an increase in the growth 
of tomato, canola and mustard, when these plants were grown in the presence of Kluyvera 
ascorbata in Ni, Pb and Zn amended soil. However, reports on the effect of metals on 
Rhizohium-legumQ symbiosis are conflicting. For example, Chaudri et al., (2000), observed 
a significant reduction in nodulation, when field grown pea was grown in soil amended with 
Zn and Cu. While Ibekwe et al., (1995) reported a considerable increase in nodulation of 
alfalfa {Medicago sativa L.), white clover {Trifolium repens L.) and red clover {Trifolium 
pratense L.) when grown in metal amended soil. 
Moreover, the chlorophyll content in fresh leaves of chickpea, lentil and pea 
uprooted at 90 DAS and greengram measured at 50 DAS, leghaemoglobin in fresh nodules 
of four legumes; N content in roots and shoots of each legume and seed yield and grain 
protein decreased consistently with increase in the concentration of chromium (chickpea), 
nickel and zinc (greengram and pea) and nickel, lead and zinc (lentil) in the absence of bio-
inoculant. In comparison, the plants grown in the presence of bio-inoculant increased the 
measured parameters under the influence of metals. For example, when strain RP5 was also 
used with 290 mg Ni/kg soil, it increased the chlorophyll content of pea by 19% at 90 DAS, 
compared to pea plants grown in soil amended solely with the same dose of nickel. The 
measured parameters also increased even further at 580 mg Ni/kg soil inoculated with strain 
RP5, compared to non-inoculated but nickel treated soil. Similarly, the chlorophyll content 
of pea plants inoculated with RP5 and grown in soil amended with 4890 mg Zn/kg soil, 
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increased the chlorophyll content significantly by 16% at 90 DAS, above the un-inoculated 
but amended with the same dose of zinc. Interestingly, the inoculated strain also increased 
the chlorophyll content by 15% at 90 DAS, compared to the plants grown in soil treated 
only with 9780 mg Zn/kg soil. Similar increase in chlorophyll content of greengram plants 
following inoculation of siderophore producing and lead and cadmium resistant 
Pseudomonas putida KNP9 under metal stressed conditions has also been reported (Tripathi 
et al., 2005). In other study, Burd et al., (2000), observed the increase in chlorophyll content 
of leaves of tomato, canola and mustard, when they were grown in the presence of Kluyvera 
ascorhata in nickel, lead and zinc amended soil. Furthermore, the nodules on the root 
system of legume plants raised in soil amended with chromium (chickpea), nickel and zinc 
(greengram and pea) and nickel, zinc and lead (lentil) had considerably a lower 
concentration of leghaemoglobin. On the contrary, the plants grown in the presence of bio-
inoculant increased the leghaemoglobin content under the influence of each heavy metal. 
For instance, when strain RP5 was also used with 290 mg Ni/kg soil, it increased the 
leghaemoglobin content of pea by 112% at 90 DAS, compared to pea plants grown in soil 
amended solely with the same dose of nickel. The measured parameters also increased even 
further at 580 mg Ni/kg soil inoculated with strain RP5, compared to non-inoculated but 
nickel treated soil. Similarly, the leghaemoglobin content of pea plants inoculated with RP5 
and grown in soil amended with 4890 mg Zn/kg soil, increased significantly by 89% at 90 
DAS, above the un-inoculated but amended with the same dose of zinc. Comparable 
observations on the effect of cadmium, nickel, copper and zinc on soybean nodules has 
been reported (Stephen and Weidensaul, 1978). 
Legume plants grown in metal amended soil had considerably a lower N in roots and 
shoots, compared to control plants. The N content was less in roots, compared to shoots. 
Similar observations were also observed by Chaudri et al., (2000) for field grown pea raised 
in soil amended with Zn and Cu. In contrast, plants grown in the presence of bio-inoculant 
considerably increased the N content under the stress of each metal. For example, when 
Rhizohium strain RP5 was also used with 290 mg Ni/kg soil, it increased the N content in 
root and shoot of pea by 26 and 47%, respectively, at 90 DAS and root N and shoot N by 40 
and 55%, respectively, at 120 DAS, compared to pea plants grown in soil amended solely 
with the same dose of nickel. Similarly, the root N and shoot N of pea plants inoculated 
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with strain RP5 and grown in soil amended with 4890 mg Zn/kg soil, increased by 22 and 
39% at 120 DAS, above the un-inoculated but amended with the same dose of zinc. Similar 
increase in N availability to the crops under different concentration of nickel and zinc has 
also been reported (Ibekwe et al , 1995). Similarly, bio-inoculant increased the seed yield 
and seed protein of each inoculated legume. For instance, when Rhizohium strain RP5 was 
also used with 290 mg Ni/kg soil, it increased the seed yield and grain protein of pea by 26 
and 8%, respectively, compared to pea plants grown in soil amended solely with the same 
dose of nickel. The measured parameters also increased even further at 580 mg Ni/kg soil 
inoculated with strain RP5, compared to non-inoculated but nickel treated soil. Similarly, 
the seed yield and grain protein of pea plants inoculated with RP5 and grown in soil 
amended with 4890 mg Zn/kg soil, increased by 26 and 7%, respectively, above the un-
inoculated but amended with the same dose of zinc. The increase in seed yield and seed 
protein in the presence of bio-inoculant could be due to the effective symbiosis as shown by 
metal resistant and plant growth promoting rhizobia. Similar increase in seed yield of pea 
following Zn and Cu is reported (Chaudri et al., 2000). While, Burd et al., (2000) observed 
an increase in the protein content of tomato, canola and Indian mustard when plants were 
grown in the presence of Kluyvera ascorhata SUD 165 in the presence of high 
concentration of Ni, Pb and Zn. 
Furthermore, the glutathione reductase (GR) activity was determined in roots and 
nodules of lentil and pea plants uprooted at 90 and 120 DAS. Generally, concentration 
dependent increase in GR activity of roots and nodules was observed for nickel and zinc in 
inoculated and un-inoculated pea and for nickel, lead and zinc in inoculated and un-
inoculated lentil plant organs. Among the test metals and legume genotype, nickel showed 
the greater effect on GR synthesis by both roots and nodules of pea and lentil plants, 
compared to the other metals. The GR activity was generally more in roots compared to 
nodules of legume plants under all metal treatments. However, metals at all the 
concentrations also increased the GR activity of roots and nodules compared to untreated 
and un-amended control. Moreover, when the bacterial inoculant was also used with metals, 
it increased the GR activity of roots and nodules substantially. There are reports that 
suggest that metals, in general, induce the production of reactive oxygen species (ROS). 
The plants however, has the capacity of removing ROS and hence, protect itself from 
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oxidative stress by synthesizing antioxidant enzymes. Moreover, the greater concentration 
of antioxidant enzymes in roots than in nodules suggested that metals might have caused an 
oxidative stress in legume plants; leading to the synthesis of antioxidants, which might have 
played a pivotal role in scavenging the toxicity of reactive species of oxygen (e.g. 
superoxide, singlet oxygen etc.), generated in response to heavy metals. Furthermore, the 
enhanced GR activity in the inoculated plants could probably be due to the synthesis of GR 
by the tested rhizobial strain, used in this study, although the in vitro production of GR 
activity by any of the rhizobial strain used in this study was not tested. Similar reports on 
the effect of metals on the GR activity of legumes (Reddy et al., 2005) and other 
detoxifying agents produced by rhizobia are reported (Figueira et al., 2005). Similarly, the 
antioxidant defense system in soybean (Prasad et al., 2005) and lupin (Sobkowiak and 
Pukacki, 2006) is reported to be induced under nickel and lead, respectively. 
The accumulation of nickel and zinc in inoculated and un-inoculated greengram 
plants uprooted (at 50 and 80 DAS) and pea (at 90 and 120 DAS), nickel, zinc and lead in 
lentil (at 90 and 120 DAS) and chromium in chickpea (at 90 and 135 DAS) in plant organs 
(roots, shoots and grains) differed among treatments. The uptake of each metal by the roots, 
shoots and grains of four legumes used in this study increased with increase in the 
concentration of tested metals. For instance, the average maximum accumulation of Ni and 
Zn in roots and shoots of pea was 140 and 92 |ig/g, respectively, at 90 DAS and roots (165 
^g/g), shoots (100 M-g/g) and grains (25 \ig/g) at 120 DAS, for plants grown in the absence 
of strain RP5 at 580 mg Ni/kg soil. In contrast, the maximum accumulation of nickel in 
roots and shoots of inoculated plant was 95 and 60 |ag/g, respectively, at 90 DAS and roots, 
shoots and grains was 115, 75 and 18 |ig/g, respectively, at 120 DAS, at the same rate of 
nickel applied to soil. The inoculated strain in general, decreased the concentration of nickel 
in roots and shoots considerably at the two stages of plant growth when plants were grown 
in soil treated with 580 mg Ni/kg" soil, compared to non-inoculated plants. Similarly, for 
zinc (9780 mg kg) treated soil, the bio-inoculant declined the uptake of zinc in roots and 
shoots at the measured sampling periods, compared to plants grown in the absence of strain 
RP5. Similar increase or decrease in metal concentrations in plant organs of inoculated and 
un-inoculated chickpea, greengram and lentil plants were also observed in the present 
investigation. Moreover, we observed here that the roots in general, accumulated more 
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nickel and zinc compared to shoots or grains of both inoculated and un-inoculated plants. 
Furthermore, it was interesting to note that the bio-inoculant strain used in this study 
reduced the concentration of metals in the plant organs of inoculated legumes, grown in soil 
treated with different concentrations of each metal. The decrease in metal concentration after 
rhizobial inoculation suggested the role of metal tolerant strains used in this experiment in 
the removal of these metals through an adsorption/desorption mechanism (Marmil et al., 
1997). Moreover, this study suggested that the ability of the bio-inoculant to protect legumes 
against the inhibitory effects of high concentration of metals could be related to the bio-
inoculant strains providing the legume plants with the sufficient PGP substances including 
iron (Burd et al., 2000). Similarly Faisal and Hasnain, (2005) reported a lesser accumulation 
of chromium in sunflower {Helianthus annus) inoculated with Ochrobacterium intermedium 
while in another study, Ochrobacterium intermedium and Bacillus cereus significantly 
decreased the chromium toxicity and concomitantly increased the growth of greengram 
plants under chromium stress (Faisal and Hasnain, 2006). The greater uptake of metals by 
the roots of each legume could be due to the poor translocation of the metals from roots to 
shoots or grains (Zayad et al., 1998; Rajkumar et al., 2006). This finding is in accordance 
with the findings of Chaudri et al, (2000) who also observed a considerable accumulation of 
zinc and copper in pea and white clover while Tripathi et al., (2005), recorded the reduced 
uptake of cadmium and lead in roots and shoots of mungbean inoculated with Pseudomonas 
putida KNP9, grown in Cd and Pb amended soil. 
This study thus demonstrated that the inoculation of Mesorhizobium RC3, Rhizobium 
(RP5) specific to pea, Rhizobium (RL9) specific to lentil and Bradyrhizobium RMS and 
Bacillus PSBIO used as seed inoculant showed dual effects on chickpea, greengram, lentil 
and pea plants, grown in metal treated soil- (i) rhizobial and phosphate solubilizing strains 
provided protection to the legume plants against the toxic effects of each metal and (ii) 
reduced considerably the uptake of metals by plant organs; leading eventually to an increase 
in over all growth, yield and quality of grains of the test legumes. The enhanced growth of 
legume plants in the presence of bio-inoculant could therefore, be due to the- (i) production 
of phytohormones or solubilization of inorganic phosphate (by Bacillus PSBIO) (ii) N 
provided by the rhizobial strains to legume crops (iii) ability of bio-inoculant to tolerate 
metal ions and (iv) ability to detoxify/reduce the toxicity of metals. Such nitrogen fixers and 
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phosphate solubihzing strains endowed with multiple properties of growth promotion and 
able to reduce the toxicity of tested metals, therefore, be used as bio-inoculant for chickpea, 
greengram, lentil and pea, grown in soils, contaminated with metals, as used in this study. 
Furthermore, the remediation of heavy metal contaminated sites using plant growth 
promoting rhizobacteria including symbiotic nitrogen fixers is an exciting area of research, 
because these can easily and inexpensively be mass produced for the inoculation of legume 
crops compared to other means of remediation. 
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Conclusion and recommendations 
The conventional and metal polluted soils of Aligarh region showed a variable 
microbial diversity in terms of plant growth promoting rhizobacteria. The population density 
of these plant growth promoting rhizobacteria were influenced by plant genotypes and the 
level of metals in soils. Common rhizobacterial populations like Bacillus, Pseudomonas, 
nitrogen fixers and phosphate solubilizing microorganisms including both bacteria and fungi 
were recovered from different sites. A total of 250 bacterial strains including 50 strains from 
phosphate solubilizers and 200 of nitrogen fixers isolated from nodules of chickpea, 
greengram, lentil and pea plants (50 isolates from nodules of each legume) were used for 
evaluation of their plant growth promoting potentials. Based on the plant growth promoting 
properties, these plant growth promoting rhizobacterial strains were grouped into different 
plant growth promoting (PGP) types. These plant growth promoting rhizobacterial strains 
showed a variable tolerance to antibiotics and metal ions under aerobic conditions. The plant 
growth promoting rhizobacteria strains presumptively identified as Bacillus and nitrogen 
fixing rhizobia reduced dichromate at various concentrations. The maximum reduction of 
dichromate by phosphate solubilizing Bacillus and nitrogen fixing rhizobia i.e. 
Mesorhizobium occurred at pH 7 for both groups of bacterial species. Interestingly, the plant 
growth promoting substances were not negatively affected by the metal ions. Of all the plant 
growth promoting rhizobacteria, only Bacillus could solubilize zinc oxide and lead chloride in 
vitro. Further, characterization of the plant growth promoting rhizobacterial strains at 
molecular level and understanding of the mechanisms involved in plant growth promoting 
substances and reduction of hexavalent chromium by the isolated strains of plant growth 
promoting rhizobacteria would be necessary in order to establish the potential and usefulness 
of these strains in the development of suitable bioinoculants for the remediation of metal 
contaminated soils while augmenting the crop productivity through their plant growth 
promoting activities. 
The phytotoxicity experiments suggested that the increasing metal concentrations, 
used either separately or as mixtures, adversely affected the over all performance of chickpea, 
greengram, lentil and pea plants, when grown in metal amended sandy clay loam soil, leading 
eventually to the decreased seed yield. Of these metals, cadmium was found as the most toxic 
metal for chickpea, greengram and lentil while copper showed the greatest toxic effect on pea 
plants and was followed by other metals at concentrations above the guidelines of some of the 
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regulatory authority of the world. Although, regulatory criteria have been established with 
limits on the environment and human health, phytotoxic thresholds have not been listed for 
these metals. The concentrations at which plants show phytotoxicity depends on several 
factors such as metal speciation, plant genotype, metal concentrations and soil types. The 
order of toxicity of single and multiple metals on seed yield decreased in the following order: 
pea < greengram < lentil < chickpea. Interestingly, it was also found that the metals used in 
this study could enter the food chain through their accumulation in grains which when 
consumed could lead to human health problem. Therefore, research is urgently required to 
examine the toxic effect of metal ions on nitrogen fixation by other legumes and to assess the 
toxic concentrations of metals on diverse soils under different agronomic practices. In this 
context, understanding the mechanistic basis of metals with respect to toxicity to legumes and 
extent of their accumulation will be important in better modeling the full impact of metal 
contamination on the legumes. Furthermore, the coal-fired power plants, oil refineries, 
smelters and other metal polluting industries are more frequently placed in or around the 
agricultural areas world wide and are making soil unsuitable for cultivation. Therefore, based 
on the findings of the two years trials, it is suggested to the growers who often use sewage 
water having toxic metals, for legume cultivation, should not allow the metals showing 
toxicity in this study to accumulate to such toxic level in the agronomic soils. The 
applicability of these approaches, however, needs to be tested further in field studies. 
Furthermore, the bioremediafion potentials of the isolated metal tolerant strains of 
plant growth promofing rhizobacteria capable of synthesizing plant growth promoting 
substances in vitro was assessed using chickpea, greengram, lentil and pea , in metal treated 
soils. The inoculation of metal tolerant strains Bradyrhizobium RMS (for greengram), 
Mesorhizobium RC3 and Bacillus PSBIO (for chickpea), Rhizobium RL9 (for lentil) and 
Rhizobium RP5 (for pea), substantially improved the performance of greengram, chickpea, 
lentil and pea, when grown in metal treated soils. Also, these strains reduced the uptake of 
metals by plant organs. The glutathione reductase (GR), an antioxidant enzyme, synthesized 
within roots and nodules of inoculated and un-inoculated lentil and pea plants under heavy 
metal stress, increased considerably with increase in the concentration of cadmium, chromium 
and copper. Among these metals, cadmium induced the maximum production of glutathione 
reductase in both roots and nodules of lentil and pea plants, compared to other metals. Roots 
of both lentil and pea plants, in general, had the highest glutathione reductase activity, 
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compared to nodules under all metal regimes. Thus, these strains showed dual effects on the 
test legumes- (i) provided protection to the legumes against the toxic effects of test metals and 
(ii) reduced the uptake of metals by plant organs; leading eventually to an increase in over all 
growth and seed yield of the test legumes. In addition, the increased growth of legume plants 
in the presence of bio-inoculant might have been due to the effect of phytohormones and 
siderophores produced by the bio-inoculant strains, besides their ability to provide N (nitrogen 
fixers) and P (phosphate solubilizers) to the legume crops. Due to these multiple properties 
expressed by these plant growth promoting rhizobacterial strains as observed in this study, the 
strains Bradyrhizohium RMS, Mesorhizohium RC3, Bacillus PSBIO, Rhizohium RL9 and 
Rhizohium RP5 could therefore, be used as bio-inoculant to restore the derelict soils and 
consequently to increase the performance of legumes in soils contaminated with metals. 
Moreover, the consortium of metal tolerant strains of plant growth promoting rhizobacteria 
and nitrogen fixers, used as biofertilizers or allied colonizers could be managed under field 
conditions while augmenting the performance of crops in metal contaminated soils. 
Furthermore, the remediation of heavy metal contaminated sites using plant growth promoting 
rhizobacteria is an inexpensive area of research, since plant growth promoting rhizobacteria 
can easily and inexpensively be mass produced for the inoculation of legume crops, compared 
to other microbes. 
Future Research 
Results from this study suggest that the plant growth promoting rhizobacteria 
including symbiotic nitrogen fixing rhizobia could help to reduce the toxicity of heavy metals 
to legumes, when grown in metal polluted soils. Remediation of metal contaminated soils 
using biological systems (both microbes and plants) is an emerging area of interest and has 
shown a substantial progress in situ which needs to be further consolidated through field trials 
under different agro-climatic zones of the world. While advances in remediation of metal 
derelict soils has increased the effectiveness of heavy metal decontamination/degradation, still 
very little is known about the interactions between plant growth promoting rhizobacteria. 
plant roots and other microbes. Also, the mechanism of mobilization and transfer of metals to 
different organs of legumes is not fully understood. Additionally, the remediation 
technologies have widely been used under lab/greenhouse and have over looked its 
performance under more complicated natural ecosystem. A more comprehensive 
understanding of these plant growth promoUng rhizobacteria in their natural environment is 
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needed for this technology to reach its full potential. Further research and understanding is 
needed to upgrade the use of plant growth promoting rhizobacteria from a site specific model 
to a universal one. In order to increase the heavy metal degradation/detoxification, genetic 
engineering of both the plant growth promoting rhizobacterial community and plants can 
specifically be attempted to target various heavy metals at co-contaminated soils to provide a 
customized phytoremediation system. Moreover, research is required to address problems 
such as (i) why plant growth promoting rhizobacteria fail to perform in comparatively 
extreme environment? and (ii) how rhizobacteria colonize plant roots and interact selectively 
with other indigenous microflora. 
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Appendix 
Appendix 1 
Martin's medium (g/1) 
Dextrose 5; potassium dihydrogen ortho-phosphate 1; magnesium sulphate 0.5; streptomycin 
0.006; rose Bengal 2 part in 3000 part of medium. 
(Ig of chloramphenicol/nalidixic acid was dissolved in 100 ml of sterile water. 0.3 ml of 
this solution was added to 100 ml of rose Bengal medium after it cooled to 45 c). 
Appendix 2 
Pikovskaya medium (g/1) 
Glucose 10; Cas (PO4) 2 5; (NHA)! SO4 0.5; NaCl 0.2; MgS04.7H20 0.1; KCl 0.1; yeast 
extract 0.5; MnS04 and FeS04 trace; pH 7 
Appendix 3 
Yeast extract mannitol medium (g/1) 
Mannitol 10; K2HPO4O.5; MgS04.7H20 0.2; NaCl 0.1 ; yeast extract 1.0 ; CaC03 2; pH 7 
Appendix 4 
Gram staining 
Primary stain 
Solution A 
Crystal violet (90% dye content) 2 g; Ethyl alcohol (95%) 20 ml 
Solution B 
Ammonium oxalate 0.8 g; distilled water 80 ml 
Gram's iodine 
Iodine 1 g; potassium iodide 2 g; distilled water 300 ml 
Decolorizer 
Ethyl alcohol 95 ml; distilled water 5 ml 
Counter stain 
Safranin (2.5% solution in 95% ethyl alcohol) 10 ml; distilled water 100 ml 
Appendix 5 
Kovac's reagent 
p-dimethyl amino benzaldehyde 10 g; Iso-amyl alcohol 15 ml 
(Dilute 10 times in distilled water before use) 
Appendix 6 
Methyl red solution (g/1) 
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Methyl red 0.1; ethyl alcohol 300 ml; distilled water 200 ml 
Appendix 7 
Barrit's reagent (g/1) 
Solution A 
A- naphthol 5; ethanol 95 ml 
Solution B 
Creatine 0.30; potassium hydroxide 40 
Appendix 8 
Simmons citrate agar ( pH 7.0 ± 0.2) (g/1) 
Ammonium dihydrogen phosphate 1; dipotassium phosphate 1; magnesium sulfate 0.2; 
sodium chloride 5; sodium citrate 2; bromothymol blue 0.08 
Appendix 9 
Trypticase nitrate broth (g/1) 
Trypticase 20; disodium phosphate 2; dextrose 1; potassium nitrate 1; agar 20; Ph 7 
Appendix 10 
Solution A (g/1) 
Sulfanilic acid 8; acetic acid 5N 1000 ml 
(5N: 1 part glacial acetic acid to 2-5 parts distilled water) 
Appendix 11 
Solution B (g/1) 
Dimethyl amine 1 - napthylamine 5; acetic acid 1000 ml 
Appendix 12 
Fermentation broth (g/1) 
Beef extract 1; peptone 10; phenol red 0.018; pH 7.4 
Appendix 13 
Starch agar (g/1) 
Peptone 5; beef extract 3; starch 2; agar 20; pH 7.0 
Appendix 14 
Chrome Azurol S (CAS) agar medium 
CAS agar is prepared from four solutions 
Solution 1: Fe-CAS indicator solution 
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Mix 10 ml of 1 mM FeCb.eHiO [in 10 Mm HCl} with 50 ml of an aqueous solution of CAS 
(1.21 mg/ml). The above solution was then added to 40 ml of HDTMA (1.82 mg/ml) and 
cooled to 50 °C. 
Solution 2: Buffer solution 
Dissolve 30.24 g of PIPES in 750 ml of a salt solution containing 0.3 g KH2PO4, 0.5 g NaCl 
and 1 g NH4CI, pH 6.8 with 50% KOH and water was added to bring the volume to 800 ml. 
Solution i : in 70 ml water 
2 g glucose, 2 g mannitol, 493 mg MgS04. 7H2O, 11 mg CaCb, 1.17 mg MnS04. H2O, 1.4 
mg H3BO3, 0.04 mg CUSO4. 5H2O, 1.2 mg ZnS04. 7H2O and 1 mg Na2Mo04. 2H2O. 
Autoclaved , cooled to 50 "^ C, then added to the buffer solution along with 30 ml filter-
sterilized 10% (W: V) casamino acids (solution 4). The indicator solution was added last with 
sufficient stirring to mix the ingredients without forming bubbles. 
Appendix 15 
Chloromolybdic acid 
Ammonium molybdate 15 g; distilled water 400 ml; 10 N HCl 400 ml 
The above described materials were mixed slowly with rapid stirring, cool and make the 
volume to 1 liter with distilled water 
Appendix 16 
Chlorostannous acid 
Starmous chloride 10 g; concentrated hydrogen chloride 25 ml 
The stock solution was kept in air tight bottle. 1ml of stock solution is mixed in 132 ml of 
distilled water at the time of experiment. 
Appendix 17 
Nessler's reagent 
Potassium iodide 50 g; distilled water (ammonia free) 35 ml 
Add saturated aqueous solution of mercuric chloride until a slight precipitate persists 
Potassium hydroxide 400 ml 
Dilute the solution to 1000 ml with ammonia free distilled water. Allow to stand for one 
week, decant supernatant liquid and store in a tightly capped amber bottle. 
Appendix 18 
Phosphate buffer 1% (pH 7.2-7.4) 
Solution A 
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Disodium phosphate 1.4 g; distilled water 100 ml 
Solution B 
Sodium dihydrogen phosphate 1.4 g; distilled water 100 ml 
(84.1 ml of solution A to 15.9 ml of solution B and 8.5 g of sodium chloride and volume was 
made upto one liter) 
Appendix 19 
Pyridine reagent 
Sodium hydroxide 0.8 g (dissolved in 50 ml), pyridine 33.8 ml. 
The volume was made upto 100 ml 
Appendix 20 
Copper solution 
Solution A: Sodium carbonate 2g (mixed with 0.1 N sodium hydroxide) 
Solution B: Copper sulphate 0.5 g, potassium sodium tartrate Ig, distilled water 100 ml 
Copper solution was prepared by mixing 50 ml solution A with 1 ml of solution B 
Appendix 21 
Folins reagent 
Sodium tungstate 100 g, sodium molybdate 25 g, distilled water 700 ml, 85% ortho-
phosphoric acid 50 ml, HCl 100 ml, bromine water few drops 
(Reflux the above given mixture for 10 h) 
Boil the solution without condenser for 15 min. to remove excess bromine, cool and dilute it 
to 1 liter 
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Summary 
Metals are discharged into the environment from industrial operations such as smelting, 
mining, metal forging, manufacturing of alkaline storage batteries, and combustion of fossil 
fuel and sewage sludge. After discharge from these sources, metals accumulate in soil and, 
at higher concentrations, adversely affect the soil microbial activity and soil fertility. 
Moreover, the elevated concentrations of metals in soil, when taken up by plants also causes 
the disintegration of cell organelles and disruption of membrane, acts as a genotoxic 
substance and adversely affect the physiological processes, such as photosynthesis, protein 
synthesis, respiration and carbohydrate metabolism, and concomitantly results in losses in 
the yields of various crops including legumes. However, agronomically important 
rhizospheric microorganisms capable of alleviating the toxicity of metals and can promote 
the growth and yields of plants even in the metal contaminated soils. Among these microbes, 
the plant growth promoting rhizobacteria (PGPR) including phosphate solubilizing bacteria 
(PSB) and symbiotic nitrogen fixing organisms can provide protection to the plants against 
the toxic effects of metals through adsorption/desorption mechanisms, besides providing the 
essential nutrients (P by PSB and N by Ni-fixers) and plant growth promoting substances 
(phytohormones) including siderophores to the plants. With these consideration and lack of 
sufficient data on grovrth promoting potentials of plant grovsrth promoting rhizobacteria, 
toxicity of metals to both plant growth promoting rhizobacteria and their metabolic activities 
and on the over all performance of legumes, cultivated in conventional and derelict soils, the 
present study was, therefore, deigned with the following specific aims and objectives-
• quantitative assay of heavy metals and soil microflora in the metal polluted and non-
polluted soils of Aligarh and adjoining industrial area 
• isolation of nitrogen fixing bacteria from the nodules of legumes grown in metal 
contaminated/conventional Indian soils and phosphate solubilizing bacteria from the 
rhizospheric soils of mustard and tomato 
• assessment of the tolerance level of plant growth promoting rhizobacteria to 
cadmium, chromium, nickel, lead, zinc and copper 
• to investigate the antibiotic resistant profile of heavy metal tolerant strains of plant 
growth promoting rhizobacteria including N2 fixers 
• to assess the plant growth promoting potentials of plant growth promoting 
rhizobacteria, both in the absence and presence of metal ions 
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• to assess the chromium (VI) reducing and lead and zinc solubilizing activity of 
selected bacterial strains under in vitro conditions 
• to evaluate the performance of inoculated chickpea, greengram, lentil and pea, when 
grown in metal treated sandy clay loam soils. Also, to assess the antioxidant enzyme 
activity and uptake of metals and nitrogen by plant organs and 
• to assess the bioremediation potentials of metal tolerant strains of nitrogen fixers and 
phosphate solubilizing bacteria, using chickpea, greengram, lentil and pea, as test 
legumes in pot house conditions. Quantitative assay of antioxidant enzyme activity, 
uptake of nitrogen and heavy metals by legumes grown both in conventional and 
metal stressed soils was also studied. 
In this study, the concentration of heavy metals in polluted and non-polluted soils 
was determined by flame atomic absorption spectrophotometery. The heavy metal 
concentration in polluted soils of Mathura Road (SI) was (mg/kg soil): 11.5 (Cd); 67.5 (Cr); 
290.1 (Ni); 4890 (Zn); 669.1 (Cu) and 195 (Pb) while in polluted soils of Exhibition ground 
(S2), were 9.8 (Cd); 64.2 (Cr); 334 (Ni); 3550 (Zn); 535 (Cu) and 191 (Pb). In comparison, 
the heavy metal concentration of the conventional agricultural soils of Faculty of 
Agricultural Sciences, Aligarh Muslim University, Aligarh (S3) were 10.8 mg Ni/kg, 8.1 mg 
Pb/kg, 19.2 mg Zn/kg, 6.3 mg Cr/kg, 12.2 mg Cu/kg and 0.2 mg Cd/kg. The rhizospheric 
soils of chickpea, greengram and brinjal (SI); chickpea, greengram, lentil and pea (S2) and 
mustard and tomato (S3) were subjected further for microbiological analysis. The viable 
counts of bacteria, fungi and phosphate solubilizing microorganisms (PSM) differed among 
rhizospheric soils. Generally, the microbial populations were less in polluted soils (S1 and 
S2) compared to conventional soils (S3). Phosphate solubilizing bacteria were recorded 
more than the phosphate solubilizing fungi in both polluted and conventional soils of 
Aligarh. Among all the rhizosphere soils, the population of both phosphate solubilizing 
bacteria and fungi was greater in the rhizosphere of mustard. Based on the morphological 
and biochemical characteristics, the phosphate solubilizing bacteria were presumptively 
identified as Pseudomonas sp. (PSB5) while others were identified as Bacillus spp.. 
Similarly, 50 rhizobial species were isolated from nodules produced on the root systems of 
each of chickpea {Mesorhizobium spp.), greengram {Bradyrhizobium spp.), lentil 
{Rhizobium spp.) and pea (Rhizobium spp.), grown at the metal contaminated/non 
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contaminated Indian soils and were characterized on the basis of physiological, 
morphological and biochemical properties. Due to lack of facilities for molecular 
characterization, the isolated cultures were not characterized at genetic level. 
The nitrogen fixers and phosphate solubilizers were further screened for their 
multiple plant growth promoting (PGP) activities under in vitro conditions. The 
mesorhizobial strains were grouped into four PGP groups where group I included 30% of 
strains which showed four PGP traits, followed by PGP group II that included 40% of 
strains. Of the total 10 bacterial strains in PGP group III, 20% of the strains showed a 
positive reaction to ammonia and lAA, while PGP group IV contained only one strain 
{Mesorhizobium RCIO) which possessed the property of synthesizing indole acetic acid. In a 
similar manner, the Rhizobium strains isolated from pea nodules were categorized into four 
PGP groups where PGP group I included two isolates {Rhizobium RP5 and RP7) and 
displayed four PGP traits (i.e. synthesis of ammonia, HCN, siderophore and lAA). This was 
followed by group II, which had only one strain (RP3) and was positive for ammonia, 
siderophore and indole acetic acid; group III contained 22% of the strains which were found 
to be positive for ammonia, hydrogen cyanide and indole acetic acid while group IV 
contained 56% of the strains and were found to be positive for ammonia and indole acetic 
acid. Rhizobium strains isolated from lentil nodules were grouped into four PGP groups. The 
PGP group I contained four (26.7%)) isolates and showed four PGP traits (ammonia, HCN, 
siderophore and lAA); group II included only one strain {Rhizobium RL3) and was positive 
for ammonia, siderophore and indole acetic acid; group III contained 6.7%) of the strains and 
was positive for ammonia, hydrogen cyanide and indole acetic acid while group IV 
contained 60%) of the strains which were positive for ammonia and indole acetic acid only. 
Similarly, Bradyrhizobium strains isolated from greengram nodules were categorized into 
two PGP groups: the PGP group I contained 21%) of isolates and showed four PGP traits 
(ammonia, HCN, siderophore and lAA). This was followed by group II which included 79% 
of strains and were positive for ammonia and indole acetic acid. Likewise, bacterial strains 
possessing phosphate solubilizing activity were grouped into four PGP groups where group I 
contained three (30%)) isolates and showed five PGP traits (ammonia, HCN, siderophore, 
lAA and phosphate solubilization) which was followed by group II (having only five strains) 
which was positive for ammonia, siderophore, indole acetic acid and phosphate 
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solubilization; group III had 10% of the strains and were found to be positive for ammonia, 
hydrogen cyanide, lAA and phosphate solubilization while group IV included only one 
strain {Bacillus PSB9) and was positive for ammonia, lAA and phosphate solubilization. 
The selected phosphate solubilizing and rhizobial strains were tested further for their 
ability to tolerate various concentrations of heavy metals, like, cadmium, chromium, nickel, 
lead, zinc and copper using agar plate dilution method. The phosphate solubilizers {Bacillus 
and Pseudomonas) and rhizobial strains differed considerably in terms of their ability to 
tolerate metals and were influenced by the type and concentration of metals. Among the 
phosphate solubilizers, Bacillus PSBl, PSB7 and FSB 10 tolerated multiple metals. Among 
Bacillus species strain PSBI showed a higher tolerance to cadmium, nickel and copper (400 
|ig/ml for each metal), chromium (500 i^g/ml) and 1400 i^ g/ml each to lead and zinc, while 
strain PSB7 showed a higher tolerance to cadmium and nickel (300 i^ g/ml for each metal), 
chromium and copper (400 ng/ml for each metal) and 1600 |J.g/ml to lead and 1400 |ig/ml to 
zinc. Bacillus sp. FSB 10 displayed a higher level of tolerance to cadmium and copper (300 
|ag/ml), 550 ^g/ml to chromium, 400 |ag/ml to nickel, 1600 |j,g/ml to lead and 1400 \xglm\ to 
zinc. The order of tolerance of phosphate solubilizers to metals decreased in the following 
order- Zn < Fb < Cr < Ni < Cu < Cd. Similarly, the rhizobial strains were tolerant to one or 
more metal ions. Among these strains, Mesorhizobium sp. RC3 showed tolerance to multiple 
metals and tolerated a concentration of 400, 500, 500, 1500, 1500 and 400 |ig/ml of 
cadmium, chromium, nickel, lead, zinc and copper, respectively, amended in agar plates. In 
contrast, the lentil and greengram rhizobia were highly resistant to zinc, followed by lead 
while pea rhizobial strains in general, were most resistant to lead, which was followed by 
zinc. Among the pea, lentil and greengram rhizobia, Rhizobium strain RF5, Rhizobium RL9 
and Bradyrhizobium sp. RMS exhibited highest tolerance to most of the metals. Among 
these, strain RP5 showed a higher tolerance to cadmium (250 |ig/ml) , chromium (350 
^ig/ml), nickel (350 \iglm\\ lead (1200 |ig/ml), zinc (1500 |ig/ml) and copper (200 |ig/ml). 
Of the 15 strains of Rhizobium isolated from lentil nodules, strain RL9 tolerated cadmium, 
chromium, nickel, lead, zinc and copper to a level of 300, 400, 500, 1400, 1000 and 300 
|ig/ml, respectively , while strain Bradyrhizobium RMS showed a higher tolerance of 75 
|ag/ml to cadmium, 200 ^g/mI to chromium, 300 |Lig/ml to nickel, 1300 ^g/ml to lead, 1500 
|ag/ml to zinc and 100 |ig/ml to copper. These bacterial isolates further varied considerably 
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in their response to the sensitivity/resistance towards different antibacterial drugs 
(antibiotics). Among Mesorhizobium spp., 33% strains were resistant to both nitrofurantoin 
and methicilHn while 33% Rhizobium spp. isolated from lentil nodules were resistant to 
nalidixic acid and ampicillin. Among the bradyrhizobial isolates, only one isolate (RMS) 
was resistant to ampicillin. In comparison, none of the strains of Rhizobium, isolated from 
pea nodules were resistant to any antibiotics tested. Generally, the growth of the bacterial 
isolates declined progressively with increasing concentrations of the metals under in vitro 
experiments. 
The plant growth promoting rhizobacteria exhibited a substantial production of lAA 
after 24 h of incubation and showed concentration dependent increase in lAA. Among the 
phosphate solubilizing bacteria. Bacillus strains PSBl, PSB7 and PSBIO produced 
maximum amounts of lAA (19.3, 17.7 and 17.4 |ag /ml, respectively) in Luria Bertani 
(LB) broth supplemented with 100 |ig /ml tryptophan, which decreased consistently with 
increase in the concentration of the tested metals. Similarly, among greengram rhizobia, 
Bradyrhizobium strain RMS produced 13.3 \ig /ml of lAA in LB broth at 100 ^g /ml 
tryptophan, which increased to 13.6 ^g/ ml with 50 |ig Ni /ml, 13.5 jig /ml with 300 ^g 
/Zn ml, 13.9|ag /ml with 50 |ig/ ml Cr and 13.5 |ig/ ml with 300 |ig/ Pb ml. Similarly, 
other rhizobial strains produced a maximum amount of lAA in LB broth supplemented 
with 100 pg/ml tryptophan, both in the absence and presence of heavy metals. 
Interestingly, the production of phytohormones did not differ significantly among metal 
amended or metal free medium. Furthermore, production of siderophores by the PGPR 
strains was also determined on CAS agar plates supplemented with or without hexavalent 
chromium, nickel, lead and zinc. The selected PGPR strains including nitrogen fixing 
organisms showed siderophore activity as indicated by the development of orange 
coloured zone on CAS agar plates amended with or without metal ions. A maximum 
reduction in zone size with increase in metal concentration varied between S (by 
Rhizobium sp. RP3 at 150 |^ g/ml of Cr and Ni and 300 |ig/ml of Pb and Zn) to 13% (by 
Rhizobium sp. RP7 at 150 |ag/ml of Cr and Ni) after four days of incubation, in 
comparison to control. The reduction in zone size by bradyrhizobial strains on CAS agar 
plates varied between 11% (by Bradyrhizobium RMS at 150 \iglm\ of Cr, 100 and 150 
p,g/ml of Ni, 900 |Ag/ml of Pb and 600 and 900 ^g/ml of Zn) to 25% (by Bradyrhizobium 
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spp. RMl at 150 ^g/ml of Cr and Ni) after four days of incubation. Similarly, a maximum 
reduction in siderophore zone on metal amended CAS agar plates for Bacillus strains 
varied between 7 (by PSBIO at 600 and 900 ^g/ml of Zn) to 9% (by PSB7 at 150 |^ g 
Cr/ml, 100 and 150 ^g Ni/ml and 600 and 900 i^g/ml of Pb and Zn, respectively). Further, 
the ethyl acetate extraction from culture supernatant of Mesorhizobium strains yielded a 
maximum amount of 17 and 24.5 mg/1 of salicylic acid (SA) and dihydroxy benzoic acid 
(DHBA) by RC3, grown in the Modi medium. When, 50 |ag/ml of chromium (VI) and 
nickel and 300 ng/ml of lead and zinc were also added to medium, the Mesorhizobium 
strain RC3 slightly increased the SA and DHBA compared to control. The amount of SA 
and DHBA in the supernatant of mesorhizobial strains decreased consistently with 
increase in each metal concentration. The ethyl acetate extraction from cuhure supernatant 
of strains grown in absence of each metal, yielded 24.2 and 20 mg/1 of SA and DHBA by 
Rhizobium strain RP3, 24.2 and 21.2 mg/1 of SA and DHBA by strain RP5 and 14.2 and 
15.2 mg/1 of SA and DHBA by strain RP7, respectively. Chromium and nickel at 50 |ag/ml 
and lead and zinc at 300 ^g/ml slightly increased the SA and DHBA, in comparison to 
control. Moreover, Cr and Ni at 150 |ig/ml and Pb and Zn at 900 ^ig/ml did not affect the 
siderophore activity adversely. The Rhizobium (lentil) RL9 yielded a maximum amount of 
15 and 18.3 mg/1 of SA and DHBA, grown in the Modi medium devoid of each metal. 
Chromium (VI), Ni, Pb and Zn at 50 |ig/ml however, marginally increased the SA and 
DHBA by RL9 compared to control. The amount of SA and DHBA in the supernatant of 
rhizobial strains specific to lentil decreased consistently with increase in each metal 
concentration. Bradyrhizobium strain RMS yielded 17.4 and 16.3 mg/1 of SA and DHBA, 
respectively. Chromium and Ni at 50 and Zn and Pb at 300 |ug/ml either did not affect or 
slightly increased SA and DHBA. The ethyl acetate extraction from culture supernatant of 
phosphate solubilizing strains yielded 13 and 16.5 mg/1 of SA and DHBA by Bacillus PSB 
1, 12.6 and 10 mg/1 of SA and DHBA by Bacillus PSB 7 and 13.5 and 14.5 mg/1 of SA 
and DHBA by Bacillus PSB 10, respectively. In contrast, Cr and Ni at 50 and Pb and Zn at 
300 i^ g/ml (except Zn at 300 ^g/ml in case of PSB7) marginally increased the SA and 
DHBA by Bacillus PSB 1, PSB 7 and PSB 10 compared to control. Further, strains were 
also found positive for HCN and ammonia, both in the presence and absence of metals. 
303 
A total of 20% of the phosphate solubilizing strains showed the phosphate 
solubilizing activity on Pikovskaya medium. Of these, P solubilizing stains, Bacillus PSBl, 
PSB7 and PSBIO showed largest zone of P solubilization on solid Pikovskaya medium 
amended with or without heavy metals. Further, the phosphate solubilizers and selected 
group of nitrogen fixers were tested for their ability to reduce chromium using nutrient broth 
(for PSB) and YEM broth (for rhizobia). The chromium reduction by two groups of 
organisms was affected by concentration of metals, pH and incubation periods. For example. 
Bacillus sp. PSB 10 reduced Cr (VI) by 87% which was followed by PSB 1 (83%) and 
PSB7 (74%) at pH 7 in nutrient broth after 120 h of incubation. A concentration of 50 |ig 
ml'' of Cr (VI) was completely reduced by Bacillus sp. PSB 1 (after 100 h), PSB 10 (after 
100 h) and PSB7 (after 120 h). Among the Mesorhizobium strains, strain RC3 reduced Cr 
(VI) by 90% which was followed by RCl (84%) and RC4 (83%) at pH 7 in nutrient broth 
after 120 h of incubation. Strains RCl, RC3 and RC4 completely reduced 50 |ig/ml of Cr 
(VI) at 120 h of incubation. Generally, the maximum reduction of Cr occurred at pH 7 by 
the test isolates that progressively increased with increase in incubation. Furthermore, 
Bacillus PSBl, PSB7 and PSBIO also solubilized lead and zinc under in vitro conditions. 
The higher concentrations of the metals in general, reduced considerably the P solubilization 
and lead and zinc solubilization activity. 
Soils contaminated with heavy metals present a major concern for sustainable 
agriculture. In addition, legumes are used as a rich source of protein in Indian dietary 
systems, and hence, understanding the effects of these metals on the legume productivity 
will be useful. Therefore, the phytotoxic effects of three concentrations of cadmium, 
chromium, copper, nickel, zinc and lead (for chickpea) and cadmium, chromium and copper 
used either separately or as mixtures (for greengram, lentil and pea) on the biological and 
chemical characteristics of these legumes, in pot trials was studied. Also, the metal uptake 
by the legume organs (roots, shoots and grains) was determined at different stages of plant 
growth. Generally, cadmium, when used alone or in combination with other metals was 
found to be the most toxic metal for chickpea, greengram and lentil while copper had the 
most toxic effect on pea plants and substantially decreased the biological and chemical 
properties. Chromium and lead (for chickpea), chromium (for greengram and lentil) and 
304 
cadmium and chromium (for pea) enhanced the measured biological and chemical 
parameters, compared to control. 
A maximum reduction of 43, 14 and 36% in total dry matter production of chickpea 
at 60, 90 and 135 DAS, respectively was observed with cadmium at 24 mg/kg soil, which 
was followed by the application of zinc (9780 mg/kg soil) to soils that substantially reduced 
the measured parameters. Chromium at 68 mg/kg increased the biomass by 48% (90 DAS) 
and at 136 mg/kg increased the total dry weight of chickpea by 22% (at 135 DAS), 
compared to control. In comparison, lead at 97.5 mg/kg increased the dry matter 
accumulation by 42 (90 DAS) and 23% (135 DAS) while 2445 mg/kg of zinc and 669 
mg/kg of copper added to soil, increased the dry biomass by 23% at 90 DAS, compared to 
control. Among the dual metal combinations, chromium with nickel (34+145 mg/kg soil) 
had the largest stimulatory effect on chickpea plants which increased the total dry matter 
accumulation by 27% at 90 DAS, compared to control. Combination treatment of cadmium 
with nickel (24 mg Cd and 580 mg Ni/kg) decreased the total dry biomass production 
significantly (P < 0.05) by 54% at 60 DAS, 11% at 90 DAS and 43% at 135 DAS, 
respectively, compared with the control plant. When cadmium (24 mg/kg) was applied along 
with Cr (136 mg/kg) and Ni (580 mg/kg), declined the dry matter by 58, 53 and 59% at 60, 
90 and 135 DAS, over control. The multiple metal application of Pb + Zn + Zn (390 + 9780 
+ 1338 mg/kg soil), showed an increase of 5 and 2% at 60 DAS and 10% each at 135 DAS, 
respectively, in dry matter production over combination of Cd + Cr (24 + 136 mg/kg soil) 
and Cd + Ni (24 + 580 mg/kg), respectively. 
Comparison between the metal free control and each metal treatment, revealed an 
increase of 23 (at 34 mg Cr/kg and 136 mg Cr /kg) to 54% (at 68 mg Cr/kg) in the number 
of nodules per plant at 60 DAS and 22 (34 mg Cr/kg) to 44% (at 136 mg Cr/kg) at 90 DAS, 
compared to control. Similarly, lead at 97.5 mg/kg soil, significantly increased the number 
of nodules per plant at 90 DAS by 18 and 70% over chromium (136 mg/kg) and control (27 
nodules/plant), respectively. Among the single metal treatments, cadmium showed a 
profound toxic effect on symbiosis and reduced the number of nodules per plant by 69% (at 
24 mg/kg) at 60 DAS, while at 90 DAS, it reduced the number of nodules per plant by 22% 
at the same rate of application. Similarly, the dual metal treatments, cadmium with 
chromium (at 24 + 136 mg/kg soil) and cadmium with nickel (136 + 580 mg/kg soil), 
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resulted in the largest adverse effect as did the mixtures of Cd + Cr + Ni (24 + 136 + 580 
mg/kg soil) and reduced the number of nodules by 77% at 60 DAS and by 52%, at 90 DAS, 
respectively, compared to 13 and 27 nodules/plant observed at 60 and 90 DAS in control 
treatment. In contrast, chromium with lead (at 34 + 97.5 mg/kg) enhanced the number of 
nodules by 19% at 90 DAS while 136 and 390 mg/kg of Cr and Pb respectively, increased 
the number of nodules per plant by 7% only at 90 DAS, compared to control. In comparison, 
the triple metal treatment showed greatest adverse effect on nodulation compared with either 
the control plants or dual metal treatments. The reduction in nodulation was accompanied by 
a significant decrease in dry mass of nodules. 
Cadmium at 24 mg/kg reduced the root N content in chickpea by 33, 22 and 29%, at 
60, 90 and 135 DAS, respectively, compared with the control. Generally, the maximum 
reduction in N content was observed with dual or multiple metal application treatments 
relative to the control. For instance, cadmium with nickel (at 24 + 580 mg/kg soil) decreased 
the root N content by 39% at 60 DAS while cadmium with lead (at 24 + 390 mg/kg soil) 
decreased the root N content by 43% and 40% at 90 and 135 DAS, respectively, compared 
to control. In comparison, the triple metal combination of cadmium, chromium and nickel 
(at 24+136 + 580 mg/kg soil) reduced the root N content by 41, 58 and 46% at 60, 90 and 
135 DAS, respectively, relative to the control plants. In general, maximum reduction in N 
content in shoots occurred at double the normal concentration of all metal treatments. The 
toxicity of the metals on shoot N content increased with increasing rates of all metals, except 
lead and the mixtures of chromium + lead, which consistently increased the N contents at 
60, 90 and 135 DAS, compared to control. The N content of roots was more severely 
affected than the N content of shoots, at all the concentrations of the metals used. In 
comparison, lead at 390 mg/kg soil significantly increased the root N content by 10% at 60 
DAS and chromium at 136 mg/kg soil increased the root N content by 9% at 90 DAS. The N 
content in roots increased consistently with increasing rates of combination of Cr + Pb, Cr + 
Zn and Ni + Pb at 60 DAS only, compared to those observed for control plants (28.7 mg/g at 
60 DAS). A maximum increase of 10% in N content at 60 DAS was observed with 136 mg 
Cr/kg and 16 and 12% at 90 and 135 DAS, respectively, for 195 mg Pb/kg, respectively, 
compared with control. 
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Seed yield in chickpea decreased consistently for each metals, used either singly or 
in combination but was only significantly (P < 0.05) reduced at double the normal 
concentration of all metals (except chromium and lead) and half (0.5 x) and normal (1 x) 
concentration of cadmium, zinc and copper. Among the dual metal treatments, cadmium 
with nickel had the highest adverse effect on grain yield and decreased it significantly by 
28% at 24 + 580 mg/kg. The reduction in grain yield following multiple metals ranged 
between 19 (6 + 34 + 145 mg/kg of cadmium with chromium and nickel) to 33% (24 + 136+ 
580 of cadmium with chromium and nickel) and 11 (97.5 + 2445 + 334.5 mg/kg of lead, 
zinc and copper) to 26% (390 + 9780 + 1338 mg/kg of lead, zinc and copper), compared to 
control. The order of toxicity on seed mass increased in the following order: lead > 
chromium > nickel > copper > zinc > cadmium. In contrast, chromium and lead consistently 
and significantly increased the grain yield, relative to the control plants. The average 
maximum increase of 12.9% and 11% was observed with lead at 97.5 and chromium at 34 
mg/kg respectively, compared with those obtained for metal free but inoculated control (5.4 
g/plant). In chickpea plants, double the normal concentration of all metal treatments 
significantly decreased the grain protein. Among the double metal treatments, the mixture of 
cadmium + nickel declined the grain protein by 10% at 6 + 145 mg/kg Cd + Ni and 14% at 
12 + 290 mg/kg of cadmium + nickel, respectively, relative to the control. Among all metal 
treatments, the mixtures of Cd + Cr + Ni and Pb + Zn + Cu resulted in the highest decrease 
in grain protein at double the normal concentrations, compared with the control. In 
comparison, the average maximum protein (256 mg/g) in chickpea grain was obtained at 
390 mg/kg Pb and was significantly (P < 0.05) greater than those obtained for inoculated but 
metal free control (242 mg/g). 
The most phytotoxic metal for greengram plants was cadmium that reduced the total 
dry matter accumulation significantly (P < 0.05) by 27 % (at 50 DAS) and 21% (at 80 DAS) 
at 24 mg/kg soil, compared to control (273 and 290 mg/plant at 50 and 80 DAS). This was 
followed by copper which decreased the total dry matter by 18% at 50 DAS and 20% at 80 
DAS at 1338 mg/kg soil, compared to control. In contrast, chromium at 136 mg/kg soil 
increased the total dry matter production 1.3 fold (at 50 DAS) and 1.4 times (at 80 DAS), 
relative to the control. The reduction in dry biomass of greengram plants following mixtures 
of metals ranged between 24 (Cd with Cr at 6 and 34 mg/kg soil) to 41%) (Cd with Cu at 24 
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and 1338 mg/kg), above the control at 50 and 80 DAS, respectively. In contrast, the 
combination of chromium and copper increased the dry matter by 31 and 26% at 136 and 
1338 mg/kg soil, at 50 and 80 DAS respectively, relative to the control. Cadmium and 
copper at 24 and 1338 mg kg"' soil declined the number of nodules per plant by 38 and 23% 
at pod fill stage and 36 and 27 % at harvest, respectively, compared to control. In contrast, 
chromium at 136 mg Cr/kg soil significantly (P < 0.05) increased the number of nodules by 
100%, each at pod fill and at harvest stage, in comparison to control. Similarly, the mixture 
of metals at all concentrations except chromium applied with Cu (at 34 and 334.5 mg/kg 
soil) decreased the number of nodules per plant at pod fill stage, compared to control. 
Among the metal combinations, when Cd was used with Cu at 24 and 1338 mg/kg soil 
showed a largest adverse effect and significantly (P < 0.05) reduced the number of nodules 
per plant at pod fill stage and at harvest by 62 and 64%, respectively, above control. The 
reduction in nodulation was accompanied by significant decrease in dry matter accumulation 
in nodules as well. 
The average maximum decline in root N in greengram occurred at 50 (35 mg) and 80 
DAS (30 mg) following 24 mg Cd/kg and decreased significantly (P < 0.05) by 22 and 25% 
respectively, above the control. Cadmium with copper (at 24 and 1338 mg/kg soil) 
profoundly reduced the N content by 29 and 30% at 50 and 80 DAS, respectively, compared 
to the control. A trend similar to root N was observed for shoot N with three metals and their 
combinations. The N content of the roots was more severely affected than the shoot N at all 
the concentrations of tested metals, but the N concentration in roots and shoots in general, 
were less at 80 DAS compared to 50 DAS. In comparison, chromium progressively 
enhanced the root N by 29, 33 and 42 % (at 50 DAS) and 33, 38 and 48% (at 80 DAS) at 34, 
68 and 136 mg/kg soil, compared to control. The average maximum increase in shoot N with 
chromium occurred at 136 mg Cr/kg soil (31%) at 50 DAS and at 136 mg Cr/kg soil (18%) 
at 80 DAS, compared to control. Seed yield in greengram declined progressively for each 
metal with increasing concentration, used either separately (except the three concentrations 
of Cr) or in combination. Cadmium at 24 mg/kg soil significantly (P < 0.05) decreased the 
seed yield by 40%, compared to control, which was followed by a significant decrease of 
26% when 1338 mg Cu/kg soil was applied to soils, compared to control. The average 
reduction in seed yield among combination treatments ranged between 17 (at 34 and 334 
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mg/kg Cr and Cu) to 60 % (at 24 and 1338 mgkg Cd and Cu), relative to the control. While 
comparing the sum of mean values of each metal treatment, the order of toxicity on seed 
mass decreased in the following order: Cd < Cu < Cr. The average maximum increase of 62 
and 74% in seed yield of greengram was observed with 136 mg Cr/kg soil, in comparison to 
34 mg Cr/kg soil and control. Cadmium at 24 and copper at 1338 mg/kg soil, decreased the 
grain protein of greengram plants by 8 and 6%, respectively, compared to control. Among 
the dual metal combination treatments, cadmium with copper declined the grain protein by 
10% (at 24 and 1338 mg/kg of cadmium and copper respectively), relative to the control. 
Generally, the combination of metals showed greatest toxic effect on grain protein compared 
to single metal treatments. In contrast, chromium in general, consistently increased the grain 
protein with increasing concentrations; the average maximum increase in grain protein being 
283 mg/g observed with 136 mg Cr/kg which was greater by 11 % than observed for control. 
The total dry matter production by lentil plants increased with plant age but 
decreased substantially with increasing rates of each single or combined metal treatment. 
Cadmium at 24 mg/kg soil displayed the highest phytotoxic effect and reduced the dry 
biomass of plants by 12% at 120 DAS, relative to the metal free control. Chromium or 
copper when applied with cadmium also had a toxic effect on the dry mass production of 
lentil plants. A maximum decrease of 16% in dry matter was observed for 24 and 1338 
mg/kg of Cd-Cu at 120 DAS, which was followed by the combination of Cd-Cr (24 and 136 
mg/kg soil) that reduced the total biomass by 13%, compared to control. Generally the three 
concentrations of each metal (except 34 mg/kg of Cr) used either alone or as mixture 
decreased the number of nodules per plant, compared to untreated control. Cadmium at 24 
mg /kg soil decreased the number of nodules by 46 (at 90 DAS) and 60% (at 120 DAS), 
respectively, compared to control. In contrast, the number of nodules produced on the root 
system of lentil plants increased significantly (P < 0.05) by 12% at 90 DAS with 34 mg 
Cr/kg. Similarly, mixtures of metals at all levels decreased the number of nodules per plant 
compared to control plants. For example, Cd (24 mg/kg) with Cu (1338 mg/kg) showed the 
largest adverse effect and significantly (P < 0.05) reduced the number of nodules per plant 
by 62 and 70%, at 90 and 120 DAS respectively, above the control. The reduction in 
nodulation was also accompanied by significant decrease in dry mass of nodules. 
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The average maximum decline in root N in lentil occurred at 24 mg Cd/kg that 
reduced the root N by 6% (at 90 DAS) and 8% (at 120 DAS), compared to control. Among 
the dual metal treatments, Cd (24 mg/kg soil) when applied with copper (1338 mg/kg soil) 
reduced the N content by 11 and 14% at 90 and 120 DAS, respectively, compared to the 
control. The dual combinations of cadmium (24 mg kg'' soil) and Cu (1338 mg/kg soil) 
reduced the shoot N by 11 and 6% at 90 and 120 DAS, respectively, compared to the 
control. Though, chromium enhanced the root N marginally at 90 and 120 DAS at 34 mg/kg 
soil, but decreased consistently with increase in concentration of metals and plant age. Seed 
yield in lentil decreased progressively with increase in concentrations of metals. Cadmium at 
24 mg/kg and Cd (24 mg/kg) and Cu (1338 mg/kg) decreased the seed yield by 17 and 29%, 
respectively, compared to control plants (100 mg/plant). In contrast, chromium at 34 mg/kg 
had the greatest stimulatory effect and increased the seed yield by 4% compared to control. 
Cadmium at 24 mg/kg and chromium with copper at 24 and 1338 mg/kg decreased the grain 
protein by 5% and 9%, respectively control (240 mg/g). The effect of three concentrations of 
cadmium, chromium aind copper on dry matter accumulation in whole pea plants was 
variable. Among the single metal treatments, copper at 1338 mg/kg soil was the most toxic 
and reduced the total dry matter significantly (P < 0.05) by 18% (at 90 DAS) and 17% (at 
120 DAS) respectively, compared to control. In contrast, the three concentrations of Cd and 
Cr increased the dry matter, above the control, the maximum being 60 and 40% at 90 DAS 
and 59 and 36% at 120 DAS at 12 mg Cd/kg and 68 mg Cr/kg soil, respectively, compared 
to control. The dry matter accumulation was reduced even further when copper was used in 
combination with Cd and Cr. The reduction in dry biomass of pea following mixtures of 
metals ranged between 6 and 7 (Cr with Cu at 34 and 334.5 mg/kg soil) to 16 and 18% (Cr 
with Cu at 136 and 1338 mg/kg), at 90 and 120 DAS, respectively, above the control. In 
contrast, the mixture of Cd (24 mg/kg soil) and Cr (136 mg/kg soil) increased the dry matter 
by 25 and 13% at 90 and 120 DAS, respectively, relative to the control. Copper at 1338 
mg/kg soil decreased the number of nodules by \6% (at 90 DAS) and 22 % (at 120 DAS) 
respectively, compared to control. Interestingly, the number of nodules increased 
significantly (P < 0.05) by 53% (at 90 DAS) and 72% (at 120 DAS) with 24 mg Cd/kg, 
compared to control and by 31% (at 90 DAS) and 50% (at 120 DAS) with 136 mg Cr/kg 
soil respectively, compared to control. Among the metal combinations, Cd (24 mg/kg) with 
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Cu (1338 mg/kg) showed largest adverse effect and significantly reduced the number of 
nodules by 33 and 30% at 90 and 120 DAS respectively, above the control. 
The average maximum decline in root N in pea plants occurred at 1338 mg Cu/kg 
that significantly reduced the root N by 20% (at 90 DAS) and 17% (at 120 DAS), in 
comparison to control. Among the dual metal treatments, cadmium (24 mg/kg soil) when 
used with copper (1338 mg/kg soil) reduced the root N content by 26 and 20% after 90 and 
120 DAS, respectively, compared to the control. Generally, the accumulation of N was more 
in roots at 90 DAS which progressively decreased with increase in plant age for all the 
treatments; the maximum being 16 (Cd alone at 6 mg/kg soil) to 13% (Cd-Cu at 6 and 334.5 
mg/kg soil) at 120 DAS compared to those observed for 90 DAS. A trend similar to root N 
was observed for shoot N with three metals and their combinations. Cadmium (24 mg/kg 
soil) when used with copper (1338 mg/kg soil) reduced the shoot N content by 13 and 21% 
at 90 and 120 DAS, respectively, compared to the control. Like other legumes, the N content 
of pea shoots also decreased with plant age and suffered severe metal toxicity. In 
comparison, Cd at 12 mg/kg soil enhanced the root N by 14 % (at 90 DAS) and 17% (at 120 
DAS) respectively, compared to control. A trend similar to root N was observed for shoot N 
and the average maximum increase in shoot N content at 12 mg Cd/ kg was 28% (at 90 
DAS) and 29%) (at 120 DAS), respectively, compared to control. Seed yield in pea plants 
also decreased progressively with increasing concentration of copper added to soil either 
separately or as mixture. Copper at 1338 mg Cu/kg soil, significantly decreased the seed 
yield by 12 and 15 %, relative to 334.5 mg Cu/kg soil and control. The average maximum 
reduction in seed yield among combination treatments was 20%) when 24 and 1338 mg/kg of 
Cd-Cu was applied together, relative to the control. In comparison, the average maximum 
increase of 13 and 8% in seed yield was observed with cadmium at 24 mg/kg soil and 
chromium at 136 mg/kg soil respectively, compared to control. The combinafion of Cd-Cr (6 
+ 34 mg/kg) increased the seed yield by 7%, compared to control. Copper used either alone 
or as mixture decreased the grain protein (GP) of pea plants consistently with increasing 
levels, relative to control. Cadmium (24 mg/kg) with Cu (1338 mg/g) declined the GP by 
7% compared to control. The mixtures of metals in general, had the greatest toxic effect on 
GP compared to single metal application. In comparison, Cd and Cr in general, 
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progressively increased the GP with increasing concentrations. The average maximum GP 
was observed with 24 mg Cd/kg (232 mg/g) and 136 mg Cr/kg (230 mg/g). 
The glutathione reductase (GR), an antioxidant enzyme, synthesized within roots and 
nodules of lentil and pea plants under heavy metal stress, increased considerably with 
increase in the concentration of cadmium, chromium and copper. Among these metals, 
cadmium induced the maximum production of glutathione reductase in both roots and 
nodules of lentil and pea plants, compared to other metals. Roots of both lentil and pea 
plants, in general, had the highest glutathione reductase activity, compared to nodules under 
all metal regimes. The maximum increase in GR activity of roots and nodules of lentil plants 
was observed for cadmium at 24 mg kg"' which increased the GR activity of roots by 282 
and 280% after 90 and 120 DAS, respectively, compared to those observed for control at 90 
(17 nmol/mg protein) and 120 DAS (15 nmol/mg protein), respectively. In comparison, the 
same concentration of cadmium increased the GR activity in nodules by 300 and 308% after 
90 and 120 DAS, respectively compared to control. In combination treatments, the 
maximum increase in GR activity in roots was observed with cadmium and copper (24 and 
1338 mg/kg) which increased the GR activity by 335 and 336% after 90 and 120 DAS 
respectively, compared to control. Similarly, the GR activity in nodules increased by 327 (at 
90 DAS) and 338% (at 120 DAS) at 24 mg Cd/kg and 1338 mg Cu/kg soil compared to 
control plants. Conversely, the maximum increase in GR activity of pea plants in this study 
was observed for cadmium at 24 mg/kg which increased the GR activity of roots by 260 and 
306% after 90 and 120 DAS respectively, compared to those observed for control at 90 (20 
nmol/mg protein) and 120 DAS (16 nmol/mg protein), respectively. In comparison, the same 
concentration of cadmium increased the GR activity in nodules by 319 and 307% after 90 
and 120 DAS respectively, compared to control. For dual metal treatments, the maximum 
increase in GR activity in roots was observed with cadmium and copper (24 and 1338 
mg/kg) which increased the GR activity by 280 and 319% after 90 and 120 DAS, 
respectively, relative to the control. Similarly, the GR activity in nodules increased by 338 
(at 90 DAS) and 329% (at 120 DAS) at 24 mg Cd/kg and 1338 mg Cu/kg soil above the 
control plants. The dual metal application exhibited the greatest GR activity in both roots 
and nodules, compared to sole metal application. 
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The uptake of metals by the roots and shoots at 60, 90 and 135 DAS and grains at 
135 DAS (for chickpea); roots and shoots at 50 and 80 DAS and grains at 80 DAS (for 
greengram); roots and shoots at 90 and 120 DAS and grains at 120 DAS (for lentil and pea) 
increased substantially with increase in the concentration of heavy metals. The accumulation 
of metals in roots, shoots and grains were influenced greatly by the concentration of each 
metal tested. A higher amount of metal in plant organs was observed when these metals 
were applied individually compared with the levels obtained for multiple metal ions. A 
greater uptake of zinc in chickpea was observed in both roots, shoots and grains compared to 
other metals. The greengram plants showed a maximum accumulation of cadmium at 50 and 
80 days after seeding in roots (2 and 3.1 ^g/g), shoots (0.72 and 0.84 ^g/g) and grains (0.35 
\ig/g) at 24 mg kg'' soil. In comparison, the concentration of chromium at 50 and 80 DAS 
was higher in roots (29.9 and 32.2 |ig/g), shoots (10.5 and 15.5 |^g/g) and grains (4.5 |ag/g) 
at 136 mg/kg soil. The concentration of copper was higher in roots (60.1 and 64.5 [ig/g), 
shoots (26.2 and 28.2 |ag/g) and grains (15.7) at 1338 mg/kg soil. The lentil plants showed a 
maximum accumulation of cadmium in roots (1.9 and 2.8 ng/g) and shoots (0.5 and 0.8 
|ig/g) after 90 and 120 DAS, respectively, and grains (0.3 |ig/g) at 120 DAS with 24 mg/kg 
soil. In comparison, the higher concentration of chromium in roots (23.7 and 30.9 |Jg/g) and 
shoots (14.5 and 20.6 \xg/g) at 90 and 120 DAS respectively, and grains (5.8 |ig/g) after 120 
DAS, at 136 mg/kg soil. The concentration of copper was higher in roots (72.1 and 82 )ig/g) 
and shoots (38.3 and 42.2 )J.g/g) at 90 and 120 DAS, respectively, and grains (10.5) after 120 
DAS at 1338 mg/kg soil. The pea plants showed a maximum accumulation of cadmium in 
roots (1.5 and 2.1 |ig/g) and shoots (0.62 and 1.1 ng/g) after 90 and 120 DAS respectively, 
and grains (0.32 ^xg/g) after 120 DAS with 24 mg/kg soil. In comparison, the higher 
concentration of chromium was observed at 90 and 120 DAS in roots (24.4 and 28.4 ng/g, 
respectively) and shoots (15.5 and 17.9 |ag/g, respectively) and at 120 DAS for grains (2.7 
l^g/g). The application of 1338 mg/kg soil of copper showed the higher accumulation of 
copper in roots at 90 and 120 DAS (14.4 and 17.7 ^ig/g) and shoots (8.5 and 11.7 ^ig/g) and 
at 120 DAS for grains (3.7). 
The plant growth promoting activities and the bioremediation potential of the 
selected strains were further evaluated with increasing concentrations of the tested metals 
using chickpea, greengram, lentil and pea plants inoculated with their respective metal 
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tolerant rhizobia or phosphate solubiHzers. Chromium tolerant Mesorhizohium strain RC3 
increased the biological and chemical characteristics of chickpea in chromium amended soil, 
compared to non-inoculated plants but chromium amended soil. A maximum increase of 86, 
55, 71, 27, 129, 46 and 40% at 90 DAS, in nodule numbers, dry nodule mass, total dry mass, 
chlorophyll, leghaemoglobin, root N and shoot N respectively and 31,45, 26, 27 and 8 % at 
135 DAS in total dry mass, root N, shoot N, seed yield and grain protein, respectively, was 
observed at 136 mg Cr/kg soil compared to non-inoculated plants but having the same 
concentration of chromium. The bio-inoculant decreased the uptake of chromium in roots, 
shoots and grains, respectively compared to un-inoculated plants. Similarly, the bio-
inoculant Bacillus species PSBIO when added with 136 mg Cr/kg increased the nodule 
numbers, nodule dry weight, total dry weight, root N and shoot N by, 115, 59, 71, 4 and 3% 
at 90 DAS, respectively, while these parameters increased marginally at 135 DAS but seed 
yield and grain protein increased by 4 and 1%, respectively at 135 DAS, compared to 
control. 
The bio-inoculant strain Bradyrhizohium RMS tolerant to nickel and zinc, 
substantially enhanced the plant growth, nodule numbers, chlorophyll content, 
leghaemoglobin, seed yield, grain protein, root N and shoot N of greengram plants 
compared to uninoculated but metal treated soil. The bio-inoculant strain RMS significantly 
(P < 0.05) increased the nodule numbers, nodule dry mass, total dry mass, chlorophyll, 
leghaemoglobin, root N and shoot N by 54, 56 and 18, 19, 120, 41 and 37%, respectively, at 
50 DAS and the nodule numbers, nodule dry mass, total dry mass, root N, shoot N, seed 
yield and grain protein by 22, 33, 21, 38, 38, 34 and 13% respectively, at 80 DAS, when 
plants were grown in soil treated with 290 mg Ni/kg, compared to inoculated but without 
metal soil. Similarly, plants inoculated with strain RM S significantly (P < 0.05) increased 
root nodule numbers, dry nodule mass, total dry mass, chlorophyll, leghaemoglobin, root N 
and shoot N by 50, 71, 28, 9, 100, 47 and 42%, respectively, at 50 DAS and nodule 
numbers, nodule dry mass, total dry mass, root N, shoot N, seed yield and grain protein by 
73, 67, 26, 15, 39, 36 and 13% at 80 DAS, respectively, when plants were grown in soil 
amended with 4890 mg Zn/kg, compared to plants grown in the absence of bio-inoculant, 
but with the same concentration of metal. Furthermore, strain RMS reduced the uptake of 
nickel and zinc by plant organs compared to plants grown in the absence of bio-inoculant. In 
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a similar manner, the bio-inoculant Rhizobium sp. RP5 displayed a substantial increase of 
23, 32, 19, 19, 112, 26 and 47% at 90 DAS in nodule numbers, nodule dry mass, total dry 
matter, chlorophyll content, leghaemoglobin, root N and shoot N and 23, 28, 18, 40, 55, 26 
and 8% at 120 DAS in nodule numbers, nodule dry mass, total dry matter, root N, shoot N, 
seed yield and grain protein respectively, at 290 mg Ni/kg soil, compared to non-inoculated 
but amended with same rate of nickel. Similarly, when strain RP5 was also added with 4890 
mg Zn/kg soil, increased the nodule numbers, nodule dry mass, total dry matter, chlorophyll, 
leghaemoglobin, root N and shoot N by 23, 28, 16, 16, 78, 25 and 42% at 90 DAS and 
nodule numbers, nodule dry mass, total dry matter, root N, shoots N, seed yield and grain 
protein by 21, 22, 15, 25, 45, 26 and 6% at 120 DAS respectively, compared to plants 
grown in the absence of bio-inoculant but treated with the same dose of zinc. The bio-
inoculant decreased the uptake of nickel and zinc in roots, shoots and grains, respectively, 
compared to un-inoculated plants. Similar increase in the biological and chemical 
parameters of lentil plants was observed when nickel, zinc and lead tolerant Rhizobium RL9 
was also used in heavy metal treated soils. Rhizobial strain RL9 when used with 290 mg 
Ni/kg had the highest stimulatory effect and increased the nodule numbers, nodule dry 
weight and total dry weight by 50, 157 and 160% at 90 DAS and 82, 109 and 147% at 120 
DAS, respectively, compared to un-inoculated but 290 mg Ni/kg treated soil. Likewise, the 
bio-inoculant increased the N content, seed yield and grain protein even in the presence of 
different concentration of nickel, the maximum being 14 and 7% at 90 DAS and 19 and 8% 
in root N and shoot N respectively, 97% in seed yield and 15% in grain protein at 290 mg/kg 
compared to non-inoculated but 290 mg Ni/kg amended soil. The bio-inoculant Rhizobium 
RP5 capable of forming symbiosis specifically with pea plants and Rhizobium RL9 with 
lentil plants increased the glutathione reductase activity of roots and nodules at all the 
concentrations of nickel and zinc (pea) and nickel, lead and zinc (lentil), compared to un-
inoculated but plants grown in metal amended soils. Generally, when rhizobial or Bacillus 
strains applied as seed inoculant (biofertilizers) were used along with the metals, the 
inoculated strains prevented the uptake of metals by the legume organs. The study thus 
suggested that the rhizobia or Bacillus due to their intrinsic abilities of growth promotion 
and attenuation of the toxic effects of metals could be developed as inoculant and be 
exploited for remediation or restoration of metal derelict lands. 
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